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ABSTRACT

The work reported here presents the principles of operation of a

non-display-oriented triple interferometer RDF system. Particular

attention was paid to the ambiguity resolving portion of the system.

It was found that phase ambiguity resolution (ambiguity resolution using

the differential phase information from a smaller aperture interferome-

ter system) has distinct advantages over direction ambiguity resolution

(ambiguity resolution on the basis of knowledge of the approximate

direction of arrival). The use of only the approximate azimuthal angle

of arrival in the direction ambiguity resolving process appears to be

insufficient. Furthermore it was found that the use of averaged values

of the small interferometer differential phases appears to be more

reliable than the use of instantaneous values of these phases. Finally,

a new method of processing erroneous (ideally "redundant") interferome-

ter differential phase data was presented. It was found to be roughly

equivalent, and yet much faster, than the old "angle averaging" method.
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I. INTRODUCTION

The concept of the radio interferometer direction finding system

has been known for over 20 years. It was first used successfully by

radio astronomers to determine the direction of arrival of steeply down-

coming celestial radio waves at a fixed high frequency, However,

problems were encountered when this technique was applied to a general

high frequency wide-band radio direction finding system. Because it

could no longer be assumed that the radio waves were steeply downcoming,

it was found that the interferometer system cculd not determine a unique

direction of arrival, It indicated several directions, only one of

which was the approximate, actual direction of arrival The others were

called "ambiguities," Moreover, it was found that the more "a,,rat"

an interferometer system was made, the more ambiguities it would yield

Recently a fairly dependable method of eliminating these ambiguous

2
answers (or "resolving the ambiguities") was developed, and much work

has been done in developing a general computer-radio-interferometer RDF
3

system. However, work still needs to be done in improving the accuracy,

speed, and ambiguity resolving capability of the system. It is the goal

of the work that follows to present a unified overview of the state of

the art of the triple radio interferometer, as well as to investigate

other possible methods of ambiguity resolution, and enhancement of

system speed and accuracy.

A common type of radio-interferometer antenna array consists of

three isotropic antennas positioned on the vertices of an isosceles tri-

angle which lies on the earth's surface as in figure 1. For convenience

it will be assumed that one of the equal legs of the triangle lies along
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Figure 1. Isosceles Triple Interferometer Array Geometry
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a north-south line, and the antennas are numbered as in the figure,

Because the interferometer principle assumes the case of locally plane

radio waves, the direction of arrival may be thought of as a single

vector pointing along the direction of propagation, The orientation

of this vector is often specified by 2 angles, the azimuth or bearing,

and the vertical angle of incidence. The azimuth, denoted here by "N"

is the angle that the projection of this vector upon the surface of the

earth makes with a north - south line, Like a compass bearing, it is

measured from the north ir the clock wise direction, as in figure 1.

Notice that _- may take on values from 0 tc 360 degrees. The vertical

incidence angle, denoted by "V," is the angle that this direction of

arrival vector makes with a line normal to the earth's surface, Notice

that & may take or. values from 0 to 90 degrees, From simple geometri-

cal considerations, it may be shown4 that ;)J, the phase of the voltage

induced in the ith antenna measured with resprzt to the phase of the

voltage induced in Lhe 1 antenna caused by an incident plane radio

wave of wavelength X propagating in the direction specified by (a,6), is

given by:

21 -D cos - sin
21 -2 D

-• -D cos (a-ý) sin e (I-i)

32 -D [cos (:-y)) - cos a] sin 0

Here D is the length of the equal sides of the isosceles triangle

(called the array baseline), and Y is the angle that the two equal sides

make with each other° (See figure 1,) The above expressions may be

solved (two at a time) for a and a, resulting in: 5



(a) a = a- 1 2

"21-13 -21 /3 1 + l3 + s31 ior

(b) a21-32 = tan' O (+' 3  o
- '31 siny- @3 2 sin y

(I-2)

27,2

S. sn-I _ _21 ÷ 32 + 21 @3221-32 (a2 C 2 12

" cos (21-32) ' ( 21-32-

+2 21

(c) 13 2 _ 3  2tan . .21

sinsi "

21-32 Cos2  (1_2

32sin+l 13 + •32 •13_ 2 - • .
23_1 Isi- -'' ~ 3-1 + 32

-cos (•21-32' C'o ('21-32 - )

Note that the expressions for • and e are all mathematically equivalent

S~if it is realized that €2, + •1 • '32 = 0: This is easily shown if

•-• iJ s w itte as •i 93where €iand •. are the phases of the

"T__• ~voltages induced in the ih and j t interferometer antennas measured

• with respect to the induced voltage in scme arbitrary reference antenna.

• Then we see:
21 + 13 + @32 -i + (1- + (3 3-22 ) = 0- (1-3)

i

+ _ _
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The above equations 1-2 become less burdensome if the special case

for which y = 60 degrees is considered. Now the isosceles array becomes

symmetrical and the equations I-I and 1-2 reduce to:

(a) k21 - --D cos a sin 6
21 x

.(b) i23 cos (a - 240 0) sin 6

(c) 32 7 cos (a - 1200) sin 6

(d) 0 21-13 tan 1  2q13 - ý21

V3 ý21

= -l 2*32 + •21

(e) a21-32 - tan 1 (1-4)V/ 3- ý21

(1-) a32-13 = tan 1  _ 32 l3

- ý (32 + 13)
2 2

- 21 + '13 + '21'13
(g) 22113 1 sin1 ".3 /2

S2 2

(h) 6 21_32 21= rl- -+•+ 32 / 212

S2

W i-1 24 32 -1 '13 + 32ý13
(i) 032-13 rsin- 3 1 2

x

It is now evident how such an interferometer array might be used

to determine the direction of arrival of a plane radio wave in a

simple radio directicn finding (RDF) system, (See figure 2.) It must
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7
be kept in mind that the actual voltage induced in an interferometer

array antenna is a superposition of many voltages induced in it by the

myriads of radio waves (each of unique wavelength) which are incident

upon the array. Hence a multi-channel receiver is tuned to isolate the

voltages induced in the array by the particular signal of interest.

(The receiver also performs the important function of heterodyning the

signal voltage to a lower fixed intermediate fzequency, This greatly

facilitates phase measurements.) It is important that the antenna

transmission lines and receiver channels be of the same effective

electrical "length," This way the same phase relationships that

existed between the voltages induced in the interferometer array by the

radio wave still exist at the outputs of the receiver, These phase

relationships are measured using eleztronic phase meters, From these

phase meter readings, one can use equations 1-2 (or 1-4) to determine

the direction of arrival of the signal.

The above process is foolproof providing the baseline of the

interferometer array is not longer than one-half the wavelength of the

radio wp"e. For shorter wavelengths the ubiquitous problem of phase

measurement ambiguity arises. It is easy to see that one can measure

the phase relationship (the "lag" or "lead" of one periodic voltage

waveform with respect to another) between two sinusoidal voltages of a

given frequency only to within an additive integral multiple of 360

degrees. That is, if there were no a priori restrictions on a phase

measurement, who is to say that a measurement of 30 degrees does not

actually represent a measurement of 3900, 7500, or -3300, etc? For

this reason phase meters may be calibrated to read any electrical phase

difference, actual actual such that the phase
difrnee:,wih( 1¢J•

I!
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meter reading, ij meas given by:

k(degrees) < 4ijmeas < k(degrees) + 3600. (1-5)

The selection of k is often referred to as the selection of the "branch

cut." 6 , 7 Electrical phase meters are commonly calibrated such that

k - 0; however, for purposes of interferometry, it becomes much more

convenient (as will be seen later) to select k - - 1800, such that (1-5)

becomes:

- 180 0 < ijmeas < 1800.(-a

It must be kept in mind that:

actual ij (N)AMB= {imeas N(3600  (1-6)

for N - Nmin .... , -1, 0, 1, .... N max, where all elements of the above

set, {0 (ij , are called phase ambiguities. If there are no
S~actual

a priori restrictions on the range of 0ij , then Nmin - - - and

Nmax - + -. There are an infinite number of elements in {Oij (N)AMB}-

But for the case of an interferometer system, we do have a restriction

on the range of values that 0ij can take on. From equations I-,

it is evident that:

-360 0D ,actual 360 0D
X < < X-. (1-7)

For a given D and X; N and Nmin are fixed such that:

N - - INTEGER (D/X)

(1-8)

Nmax - INTEGER (D/A),
max

S. . . . .
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(Where the INTEGER function simply rounds off its argur.ient to the near-

est integer.) The above holds only if we assume the phase meter reads

in the range specified by equation I-5a, It should be noted that when

1D < ½-X, equation 1-8 implies that:

N =m N =0 ,

and there is only one element in {0(N)AMB1 . This means that

j (N)AMB = meas . actual

ii iJ ii

The phase measurement becomes non-ambiguous, and hence there is no

ambiguity problem to contend with (as mentioned previously). When

D > -1, there is more than one elenent in { }(N)AMB. Because there is
-Ti

no way of telling which value of N satisfies:

(N)AMB = actual, (19)

we may compute all possible directions of arrival using various combi-

nations of elements in {ýij(N)AMB}. Thus the ambiguities in phase

"measurements have been "carried through" the direction of arrival cal-

culation to yield ambiguities in direction of arrival as well. In

essence, this simple interferometer system will generally give a number

of answers to the direction finding problem -- only one of which is

correct. Note that equations 1-6 and 1-8 indicate that the larger D

becomes, the more elements (phase ambiguities) exist in ij (N)AB

Here the greater number of ambiguous directions will be indicated by

the system.

One solution to the problem is obvious, All that need be done is

to keep the array baseline shorter than one-half of che wavelength of

the desired signal. Under these conditions there are no ambiguities, as

I



10

showni previously. However, it will be shown in Chapter VI that under

real ccnditions interferometer accuracy varies with D/Xo Hence it is

desirable to use as large a baseline as possible, certainly greater than

Thus one must contend with the problem of deciding which of the

ambiguous directions of arrival indicated by the interferometer is the

actual one,
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Ii. PHASE AMBIGUITY RESOLUTION

There are at least two different strategies that one may use in

attacking the ambiguity resolution problem. On the basis of some

approximate outside phase information, one may choose from all possible

values of an ambiguous phase measurement, iJ (N)AMB, the measurement
actual

most likely to be the actual one, cta . Then the true direction

of arrival may be unambiguouely calculated. Alternatively, one may

calculate all of the possible ambiguous directions of arrival from all

of the possible phase ambiguities, then the most likely true direction

of arrival may be chosen on the basis of some outside approximate

directional information. The former stratagem (called phase ambiguity

(N)AMLBactual
resolution) keeps the weeds ({ ij(N)AB}) around the flower (0ij

from germinating; the latter (called direction ambiguity resolution)

lets the weeds grow, then pulls them. Note that the former method

requires only one direction-of-arrival calculation, As the latter

method requires many direction-of-arrival calculations (equation 1-2),

it is inherently more time consuming. Thus the former method has become

more popular and will be discussed first.

Notice that aftE the approximate interferometer phases .i approx

actual (N)AMB}
are known, it is a simple matter to choose c t from { (iJ

(o)AMB approx
Because the values of ij are spaced 360 apart, iJ need

0 approx

only be accurate to within + 1800. Obviously, if aij is off by
0 actual (N)AMB

more than 180°, the wrong choice of J from { iJay be

made, and the method breaks down.

0jpprox may be determined from a separate small baseline inter-

ferometer array. As mentioned previously, if the small array baseline

•aI
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is less than X/2, it will yield a unique, but only approximate, direc-

tion of arrival, Furthermore, the small and large arrays have been

coastructed such that they form triangles which arc similar, with their

ccrrespcnding sides parallel, as in figure 3, Assuming an incident

plane wave, it can be seen that: 1

D L small :.ctual

DS~j
s - = 2 (11-1)

where DL and DS are the large and small array baselines, respectively

In practice equation II-i is only an approximation, Hence we letSspprox =DL small°
i appox Lij This is consistent with the previous state-

21.j D j
ment that the large array will be mole accurate than the small one.

There are twc reasons for this. One is that the Incident wave may not

be perfectly plane (this will be discussed in ChapteT VI); the other is

the inaccuracy in the phase measurement prccesst Assume that a "real

world" phase meter can measure to only within + e degrees. Then, even

for a perfectly -plane incident wave, the two sides of equation II-1 may

differ by as much as e (L + 1) degrees. Nevertheless, equation II-1

is often a fair approximation. As long as the effects of non-planar

incident waves and phace measurement inaccuxacies do not cause the

right-and left-hand sides of equation 1I-1 to differ by more than 1800,
actual

the proper value cf 6 ij will be determined,

The ambiguity resolution scheme as outlined abzve may be put into

use in the simple RDF system of figure 2. For economy, the small and

lerge baseline arrays share a common antenna. (See figure 4.) Note

that the steps the operator must take to calculate the direction of

arrival (DOA) may easily be performed by a properly interfaced general-

purpose on-line digital minicomputer. This greatly enhances system
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data processing speed and flexibility. The implementation of such a

system is currently underway at the University of Illinois' Monticello

Road Field Station.
2
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Computer," Master's Thesis, University of iJinois, Urbana,
Illinois, September 1971.
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III. DIRECTION AMBIGUITY RESOLUTION

With the advent of a computer-interferometer RDF system, it is

helpful to reconsider the use of the second ambiguity resolving strata-

gem: the elimination of all but one of the ambiguous DOA's on the

basis of some outside directional information. Its drawback was that

many DOA calculations had to be made before a unique DOA could be

chosen. This is not such a serious problem if the high-speed computa-

tional capability of an on-line computer is available.

One advantage of such an approach is immediately evident. Often

outside direction information may more easily be obtained than outside

phase information. For example, the approximate location of the source

of the signal, and hence its approximate direction of arrival may be

known. In radio-astronomy or satellite tracking, both the azimuth and

angle of incidence are known to lie in a certain range. In land com-

munication, usually more information about propagation conditions must

be obtained before an accurate prediction of incidence angle range can

be made. However, the approximate source location information should

restrict the azimuth range.

Other sources of outside directional information include similar

interferometer RDF systems and small aperture azimuth-finding systems

such as the Adcock, crossed-loop, or Yagi arrays. By now, it is clear

that, depending on the source of information, this directional informa-

tion may be of two types. It may consist of an approximate range of

azimuthal angles (azimuthal sector of arrival) and an approximate range

of vertical incidence angles, or it may corsist solely of an azimuthal

sector of arrival. Several questions arise±. How accurate must this

L ' 'i.. = • . . - • r = = - • = •• i "1
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approximate directional information be if all ambiguous directions are

to be eliminated? Also, is a knowledge of the azimuthal sector of

arrival alone sufficient to resolve all ambiguities? And finally, what

is the relationship between the array baseline and the highest frequency

at which all ambiguities can be resolved using the approximate direc-

tional information? To answer these questions, one must look further

into the nature of interferometer direction ambiguities.

M--
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IV. INTERFEROMETER DIRECTION AMBIGUITIES

Given the three phase meter readings, ea21 ea s13 32 ;

the wavelength of the signal, X, and information regarding the array

geometry (D and y), all possible ambiguous DOA's may be calculated using

equations 1-2, 1-6, and 1-8. The case of the symmetrical array (y = 600)

.:s of particular interest, because this is the array currently in opera-

tion at the University of Illinois' Monticello Road Field Station. For

"this reason, it has been assumed that y = 600. Equations 1-4 may be

used in place of the more laborious equations 1-2. Assuming errorless

phase meters, it has been shown that equations I-4d,e,f and I-4g,h,i are
equivalent. Note that under these conditions 1actual actual

equivaent. 13 -- ~ 21
S+ actual)

+ 2 ). This impliep that after two phases are known, the remaining
•32

phase is necessarily determined. Using this fact, equations I-4d,e,f

and I-4g,h,i are identical expressions. Hence, in the work that follows,

only equations I-4e and h will be use-d:

•l- 2¢ 32 + '211 322 212
a(P 21  032 = tan •S/v3 €21

(IV-l)

Q 2

e(O 21'si -1 A2l + ~32 + 013
2J'32 sinD 'V3/2

Upon examining equations 1-5 and 1-8, it may appear that all one

need do is "plug" all possible combinations of the elements of

(N)AMB (N)AMB 2{•21 and {032 } into equations I-4e and h. (1 + N -N )21max m

ambiguous DOA's would be computed. But some of these ambiguous values

(N )AMB (N )AXIB
max max

could never occ.r, such as (,21 m 032 ), as illustrated

geometrically by figure 5.

IN
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a) Case foor Maximum Reading

Incident Wavefront

b) Case for Maximum o52 Reading (1( 35(Nmax)AMB)

2 Incident Wavefront

I - s --

c) Case for the Largest Possible Simultaneous Values of .4d and

S•~~21 (=./ /2 ~ 2 (NmOa)AMB , ,,• / (Nmax)AMB):

I \\•. _----ncident Wavefront

Figure 5. Illustration of Why the Individual Interferometer Phase

Differences Can Never be Simultaneously at their Maximum Values.

fI
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(I)AMB

The reason why some combinations of phase ambiguities c2 1  and

32 (J)AMB (for all integral values of I and J between Nmin and N max) are

not valid interferometer phases becomes apparent when the expression for
S(€21 I)AMB (J)ANB)

S(4 21 (I)MB1 32 ) is examined. For certain values of I and J

(say, I = I0, J = J0 ) it is possible that the argument of sin-I becomes

> 1. Equation IV-i implies that this will occur when:

2 2+-32 +D (IV-2)
421 + #32 + #21?32 > 2 "IV-2)

In this case, a real value of e does not exist. Then there exists no
actual

real direction from which a wave can arrive that will cause 21l

(Io)AMIB acul (Jo)AMB

= 21( and 032 = 032 . Because the interferometer

"antenna voltages must, in fact, be caused by a wave arriving from a real
Sactual actual

direction, then it is obvious the ý21 and 032 could never

(I )AMB (Jo)AMB
equal ý 21 and 32 respectively. Only the combination of

phase ambiguities which do not satisfy equation IV-2 may be used to cal-

culate all possible direction ambiguities. There will not be
"(1+N -Nmin)2 )2

S(1 + N max - N min ) 2direction ambiguities, but only (1 + Nmax - NMi, )

- N reject ambiguities, where Nreject is the number of phase ambiguity

combina'-ons rejected because they satisfied equation IV-2, thus yield-

ing imaginary incidence angles.

A computer program was written that would calculate all possible

direction ambiguities for a given true direction of arrival and a given

value of D/A. The flow diagram appears in figure 6. Sample runs appear

in Appendix A. As expected, it appears that the number of ambiguities

depends on the D/A ratio. (See Tables A-1 through A-4.) However, the

number of ambiguities also depends on the true direction of arrival, as

L
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Read atrue

8 true I D, )

Compute 4.21Actual, ,13 Actual,

and 0 32 ActuaI From Eqns 1-4

"Reduce" , 1AictuOI 0, ActualI or;d 0 3 Actual by Additive

Multiples of 27r Until They Lie in the Range of -i" to +;r., Thus

Computing 021) meas,13M eas, and 0 3 2 meas

Nmax =INTEGER W

Nmin -Nmax

Vary I and J Separately
from Nmin to Nmax (in

Steps of I) Use 2 Do-
[Loops

02(.J)AMB ( /zma .60 bI)AMB =, , mea,+.:60

NO AB ()M <

C~ompute 0, a from

Equations 1-4

Figure 6. Flow Diagram of an Ambiguity Locating Program
for a Symmetric Array

I21
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illustrated by Tables A-5 through A-8. These values were calculated

with a fixed D/X value, but with different true DOA's. The number of

ambiguities varies slightly. Obviously Nreject must depend on the true

DOA as well as the D/X value.

For purposes of studying the feasibility of direction ambiguity

resolution, it is useful to present this ambiguity location Information

graphically. Assume that the interferometer array has a large hemi-

spherical "bowl" placed over it such that the center (reference origin)

of the array and the center of the circle formed by the lip of thu bowl

coincide. (See figure 7.) The direction of arrival of a wave is then

represented by the point on the hemispherical bowl where an incident

plane wave first touches it. Alternatively, this point may be thought

of as the intersection of the bowl and the ray of the incident plane

wave that passes through the array center. Because there is a unique

point on this hemisphere corresponding to any direction of arrival, a

direction of arrival may be represented by a point on this hemisphere.

All ambiguous directions of arrival may be plotted on one hemisphere in

this manner. A man could stand at the center of such a hemisphere and

point his finger at each plotted point on the hemisphere. He would then

be pointing in all of the possible directions of arrival, or DOA's,

indicated by the interferometer system. Since such a three-dimensional

plot would be difficult to make, all points on the hemisphere are pro-

jected into the ho..zontal plane of the array. Still there exists a

one-to-one correspondence between any direction of arrival and a corre-

sponding point on this hemispherical projection, but now the plot is two

dimensional and is easily drawn.
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- f Incident a y
-- --- -,.....with "Bowl"

RDF Site

Large Hemispherical

a) 3-Dimensional Hemispherical Plot of DOA

b) Top View of Hemispherical Plot (Hemispherical Projection)

* 9

X4 Plotted DOA

1'00

Figure 7. Hemispherical DOA Plot Geometry
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These hemispherical projection plots may be thought of as what would be

seen if one were to look down on the large hemispherical bowl from an

airplane.

Such hemispherical projection plots for the ambiguity calculations

of Appendix A are shown in Appendix B. Note the perimeter of the henti-

sphere projection is linearly calibrated in azimuthal degrees, as on a

compass. The azimuth of any ambiguity may be determined by drawing a

Ulne out from the center of the projection (zenith) and through the

ambiguity point, The incidence angle is sinusoidally calibrated as tick

marks on the Cartesian north-south or east-west axces of the projection.

The origin (zenith) represents 00 incidence, the next mark out from the

origin represents 100, etc. The distance that an ambiguity lies out

from the zenith, measured according to this sinusoidal scale, determined

its incidence angle.

In all ambiguity plots (for the symmetric interferometer array)

there exists a high degree of symmetry. One ambiguity, called the

prime ambiguity, is closest to the zenith. It represents the direction
-•2meas 2meas 21meas 3meas

of arrival calculated from a(o 21  , 32 ) and (o 21  ).

This makes sense geometrically, since if the wave is arriving from the

direction indicated by the prime ambiguity, it must be the most

"steeply downcoming" of all the possibilities. The more steeply down-

coming the wave, the smaller will be the magnitudes of the phase dif-

ferences of the voltage indueed in the interferometer elements, as

dictated by the sin 8 factor in equations I-1. Hence the most steeply

downcoming wave, as indicated by the prime ambiguity, must have been

calculated froit the,,coiabiantion of phase ambigtiaties of, the smallest

I=
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magnitude, which is, of course, (021 meas, 32 meas

Centered on this prime ambiguity lie concentric hexag-'Rl patterns

of ambiguities. These hexagons have their'sides paralleli and the. outer

hexagons may not be fully formed if the prime ambiguity is not very

close to the zenith. (See Appendix B.) It should further be noted

that the ambiguities lie in straight lines extending to the east and

west, and that adjacent ambiguities are equidistant from each other.

The symmetry of these plots suggests that there exists a-simple

expression for the Cartesian coordinates (x,y) of the ambiguous direc-

tions of arrival as plotted on the hemispherical projection plot. A

Cartesian coordinate syptem is constructed on the hemispherical projec-

tion such that the x 4-,s bisects the projection and extends in an east-

west direction. Likewise, the y axis bisects the projection, but

extends in a north-south direction. A unit hemisphere is assumed in

the following derivation, hence the Cartesian axes are scaled on the

basis uf a unit circle hemispherical projection. The Cartesian coor-

dinates (x,y) for any point on the projection given by (a,O) must be:

x = sin a sin e y = cos a sin e. (IV-3)

Substituting equation I-4b into equation IV-3, yields:

1 2 23 2 + 1 1 + 42 +
x = sin [-an ( -+ ) sin [sin- 27TD V2r3 /f21 x

(IV-4)

- 242 1 /ý21 + 2 2+ 2
1 ý3 ý12 32 2?2132

y = cos [tan ( -,j sin [sin- - + 221,D V

r3 21 x

--LZD • .. .]



28

After some manipulation, equations IV-4 become:

2ý 3 2 + 21 21 (V5)x=2,rD /3- -Y = 27rD__(V

Equations IV-5 should enable one to sketch an ambiguity plot with

little effort. Using these equations, the above symmetry observations

may be substantiated. Notice that y depends only on 021" For combina-i (I)AMB

tions of phase ambiguities with 21( fixed, y is a constant and x

varies. The direction ambiguities lie on a straight line parallel to

the x axis. The spacing between the ambiguities that lie in the

straight lines must be given by:

2A
Horiz spacing = x (ý21' + 2n) - x ( )21' -32 D (IV-6)

Because ý21 and ý32 are arbitrary values of the phase ambiguities, the

spacing between adjacent ambiguity points in the horizontal lines is

uniform and equal to-2 - X. Likewise, the vertical spacing betweenr~ D"

horizontal rows is given by:

Vert spacing = y (021 - 2) - y (221) X/D. (IV-7)

Hence the row spacing is also uniform, since cp21 is any value in

{121(N)AMB}. Furthermore, it may be shown that the abscissae of the

ambiguity points in one horizontal row must fall halfway between the

abscissae of the points in adjacent rows. This may be shown by real-

izing tnat the difference in abscissae of 2 adjacent ambiguity points

in adja.enL horizontal rows is given by:

_2
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x(1+ 2, 32) - X (ý21' '32) (IV-8)

But this abscissa difference is exactly one half that of the horizontal

ambiguity spacing. Now the ambiguity locations are completely specified.

To sketch such a plot, the only point that need actually be computed is

the location of the prime ambiguity. This is found by substituting

= @1meas = 3meas

ý12 =l2 and ý 32 = '32 into equation IV-5. The horizontal row

and vertical distance spacings may be determined from equations IV-6

and IV-7. Adjacent rows must be positioned such that their ambiguity

points precisely "interlace." The poir.ts that fall outside the circle

must be rejected, as they correspond to values of (21()AMB 32(J)AMB

which give rise to imaginary incidence angles (sin 6 > 1).

The preceding discussion applies equally well to the general isos-

celes interferometer array. From equations I-2b, it is apparent that

the incidence angle becomes imaginary when the argument of the arcsmne

function becomes greater than one. This will occur when:

2 2 2
•21 + 13 + 32  2riD (IV 9)

2 cos (a) + 2 cos (a-y) - 2 cos a cos (a-y)

The ambiguity locating program was rewritten using the general array

equations and the new phase ambiguity rejection criterion IV-9. Various

general interferometer ambiguity plots appear in Appendix C.

As before, a number of general sLatements may be made concerning

these plots- The ambiguities tend to lie along uniformly spaced lines

which are parallel to the x axis. No longer do adjacent points form

equilateral triangles, instead they form congruent isosceles triangles.

Furthermore, the angle formed by the intersection of the two sides of

A



30

equal length of these isosceles triangels is equal to y, the interferom-

eter array vertex angle, These triangles are in fact similar to the

triangle formed by the interferometer antenna elements.

The symmetry of these plots once again suggests that there may

exist a simple relationship between the ambiguity locations and the x-y

coordinates of the unit hemispherical projection. Substituting equation

1-2 into equation IV-2 (after some algehra) yields:

L ,32 + 021 (i -,cos y)
D •2a •sin y

"(IV-I0)
X ý21

Equations IV-10 may be used to authenticate the generality of the

preceding observations, as done previously for the case of the symmetric

array. It can also be shown that in general, equations IV-6 and IV-7

become:

Horiz spacing D sin y

Vert spacing = X (IV-12)

Likewise, it may also be shown that each successive row (going from

south to north) is horizontally displaced by this amount:

Horiz displacement = X ( I-C YC " (IV-13)
D sin y '

It is interesting to note from Appendix C that the number of possi-

ble ambiguities appears to decrease as the array angle y decreases.

This result can also be obtained analytically from equation IV-13.

Unfortunately, the effects of wave interference become more noticeable

as y decreases (explained in Chapter 7), thus makiný *ven a larger

-1 P -
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baseline array relatively inaccurate for very small values of y. In

essence we have decreased the aperture of the array. Obviously, for a

given array baseline, a compromise between the ambiguity resolution capa-

bility (optimum at y 00) and the system accuracy (optimum at y = 900)

must be made when one is choosing the value of y for a general interfer-

ometer array.

I
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V. LIMITATIONS OF A DIRECTION AMBIGUITY RESOLUTION SYSTEM

Now that the nature of the interferometer ambiguity problem is

better understood, the limitations of a direction ambiguity resolving

scheme become more apparent. A resolution scheme based on the fore-

I knowledge of an azimuthal sector of arrival only will first be con-

sidered. The success of such a scheme can be predicted by examining

the ambiguity tables of Appendix B (assuming a symmetric array). If

the ambiguity plot is regarded as a pie, the known, approximate sector

of arrival may be sketched in on the plot as a slice of pie; a typical

4 case is shown in figure 8. It is obvious that the true direction of

arrival will lie somewhere on this slice of the pie. Unfortunately,

there are still several other answers to choose from. In this case,

the ambiguities cannot be totally resolved on the basis of the available

directional information. Note (from Appendix B) that this situation

becomes more ard more likely as D/X is increased. Moreover, if the

prime ambiguity is very close to the origin, the ambiguities will line

up radially. Under this condition, even for relatively small (D/x < 2),

complete resolution of ambiguities becomes hopeless. (See figure 9.)

To get a better feel for the limitations of such an approximate

azimuth resolution scheme, a fairly comprehensive study was made of the

number of interferometer direction ambiguities that fall within

approximate azimuthal sectors of arrival of various angular widths.

This study was made using a modified version of the ambiguity locating

program of figure 6. A listing of this program appears ai the beginning

of Appendix D. The approximate sector was assumed to be a range of

azimuths centered abo :t the specified "true" direction of arrival. The

number of ambiguities that fell within this sector were then counted.



33

UNIT HEMISPHERE RMBIGUITY PLOT

/LARMBDR = 2.65 RZIMUTH = 20.00 INCIDENCE 15.00

i NOGRTH approximate
0.0 sector of

0*0

D

C45

RR9RT ANCGLE = 60.00

Figure 8. Limitations of an Approximate Azimuth Ambiguity Resolution System
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UNIT HEMISPHERE RMBIGUITTr PLOT

DiLLRMBDR = 3.00 RZIMUTH = 0.00 INCIDENCE 0.00

NORTH
j oEven very narrow

sector of arrival
cannot reso.ve

Sambiguities

0
0.

0e

90

0..

!•• FRRFIT ANGLE = 60.00

Figure 9. Radial Lines of Ambiguities Formed When the Prime
Ambiguity Lies Near the Zenith

K " • m = • = m - K : 1 i -1 . . K : . . N = . . .* m = I . . I •1 . .
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These calculations were made for various values of D/A, azimuthal

sector of arrival "widths," and directions of arrival. The results were

tabulated in a number of tables; a typical one appears in Appendix D,

Table D-1. Note the D/X value is varied from 1 to 6 in steps of 1/3.

The sector width (+ error, in degrees) is varied from 0 to 20 degrees.

Ninety-six of these tables were made, varying a from 0 to 360 degrees

in increments of 22 degrees, and 0 was varied from 0 to 90 degrees in

increments of 15 degrees. From these tables it becomes apparent that

suvcessful direction ambiguity resolution is a function of D/X as well

as the particular direction of arrival. For some directions of arrival,

(a = 44 , e = 45 ) ambiguities may be resolved using a 20 degree sector

of arrival for values of D/X as high as 3.67. (See Appendix D, Table

D-2.) On the cther hand, for other directions of arrival, (a = 3300,

e = 750) ambiguities may be resolved only for values of D/X less than

1.33, assuming a 200 sector of arrival. (See Appendix D, Table D-3.)

An attempt was made to reduce the number of direction ambiguities

that must be contended with. It is assumed that the true azimuth lies

within a known azimuthal sector of arrival. This restriction on the

azimuth can be reflected back through the DOA equations 1-4, thus

yielding a more stringent phase ambiguity combination rejection criterion

(assuming theta can take on any value from 00 to 900). Unfortunately, it

has been determined that this criterion simply cuts out ambiguities with

azimuths out of the range of the assumed azimuthal sector of arrival.

"This conclusion was arrived at by performing a computer simulation of

the operations outlined above. To accomplish this task, the program

described in the preceding paragraph was modified to take the known,

appropriate sector of arrival into consideration. In the simulation
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run presented in Appendix D, Table D-4, it was assumed that the known

sector of arrival extended from 320 to 340 degrees. (The true DOA was

at a = 3300, e = 750.) This restriction on the azimuth was then

reflected back through the DOA equations. Table D-4 lists all possible

ambiguities for various values of D/X for the given true DOA. The

starred ambiguities are the ones that were rejected due to consideration

of the known azimuthal sector of arrival. As can be seen, the only

ambiguities rejected are those whose azimuth lies outside of the assumed

azimuthal sector of arrival. Nothing has been gained, as is further

illustrated by the striking similarity of Tables D-5 and D-6, which are

found in Appendix D.

The results of this section indicate that an approximate azimuth

ambiguity resolution system may not be practical under even very low

ambiguity conditions (small values of D/X). If the prime ambiguity is

near the zenith, the ambiguities will line up radially making ambiguity

resolution impossible, no matter how "narrow" the known sector of

arrival may be. Such a system may be greatly improved if knowledge of

the approximate incidence angle is available as well. The locus of

possible DOA's on the hemispherical projection is no longer a pie, but

the intersection of a pie (approximate azimuth range) and an annulus

centered about the zenith (approximate incidence range). (See figure

10.)

From the geographical standpoint, it is considerably more diffi-

cult to obtain the approximate range of incidence angles. For example,

in addition to knowing the distance from the source, it is necessary to

know (approximately) the path by which the signal is arriving at the

interferometer site. However, under low ambiguity conditions (i.e.,

4
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Y

____________________________MAXIMUM OF STANDING WAVE

hsI.O-
h s.5

EQUIPI4ASE SURFACES

MAXMU x

_____________ ________MAXIMUM

h AMPLITUDE OF RAY 2
hAMPLITUDE OF R1%Y I

Figure 11. Wave Corrugation as a Result of Two Interfering
Plane Waves (From Hayden's Thesis)
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only one hexagonal ring centered about the prime ambiguity) it is

necessary only to be able to accept or reject the prime ambiguity as

the true DOA. Ambiguity resolution is then completed by utilizing

the approximate azimuth information.

If the interferometer is used in conjunction with a device that

gives both approximate azimuth and incidence angle information,

directional ambiguity resolution becomes quite practical. If this

peripheral device is a small baseline interferometer, we have exacCly

the type of interferometer RDF system studied by Creasy.1 The system

might be set up to operate in the following manner (as viewed on a

three-dimensional hemisphere plot): The approximate unambiguous DOA,

as indicated by the small baseline interferometer, is plotted on a

hemisphere onto which all possible ambiguities indicated by the large

baseline interferometer have already been plotted. The ambiguity

closest in path length to this plotted approximate DOA (along the

surface of this hemisphere) must be the true DOA, However, it can be

shown inductively that this method of ambiguity resolution is essen-

tially equivalent to the phase ambiguity resolution system of Chapter IV.

(See Appendix E.) Because the method of Chapter IV requires much less

computation, the above scheme is not particularly uF ful.

It should be emphasized that the approximate azimuth angle and

incidence angle direction ambiguity resolution process must be carried

out on the three-dimensional hemisphere plot, and not on the hemispherical

projection plot, This raises a point that should be kept in mind,

Although the interferometer direction ambiguities are evenly distributed

when plotted on the hemispherical projection, the actual ambiguous direc-

tions of arrival may not appear to be uniformly distributed to an



39
observer. This is best understood by recalling the example of the last

chapter in which an observer was located at the center of a large hemi-

sphere onto which all ambiguo-s DOA's (indicated by a large baseline

interferometer) have been plotted. As the hemispherical projection plot

of the ambiguities is uniform, the observer will generally find that

most of the ambiguities are clustered directly over his head. Only a

very few will lie near the horizon. One must bear in mind that the hemi-

spherical projection plots have no direct physical interpretation. To

relate these plots to the physical situation, it is necessary to mentally

picture the corresponding threeý-dimensional hemisphere plot. One may

then imagine nimself standing at the center of the hemisphere, pointing

at the various plotted points on the hemispherical surface.
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FOOTNOTES

1. J. Creasy, "Digital Techniques for Radio Direction Finding
with Interferometer Arrays," Master's Thesis, University
of Illinois, Urbana, Illinois, June 1966, pp. 33-37.
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VI. LIMITATIONS OF THE SMALL/LARGE BASELINE PHASE

AMBIGUITY RESOLUTION SYSTEM

From the preceding work it appears that the conventional small/

large baseline phase ambiguity resolution system may be the most

practical. The limitations of this system will be examined further.

The discussion of Chapter II suggests that this systim will work if:

IDL , small actual < 1800. (VI-l)

D Sij iJ1

j It is desired to determine the range of signal wavelengths over which

such an ambiguity resolution system will work (called the system

operating wavelength Lange).

Due to the effects of wave corrugation (to be discussed in Chapter

VII) and phase measurement inaccuracies (see Chapter II), the large

array is generally not operated at wavelengths greater than twice the

large array baseline. (This implies that DL is always .-n.ar than

A/2.) This establishes an upper bound on the range c 1perating wave-

lengths of the interferometer system.

An expression for the lower bound on the range of operating wave-

lengths of the system will be derived in the following paragraphs.

Let it be assumed that the maximum error of the small baseline inter-

ferometer system, in the range of wavelengths over which it is

operated, is "K " degrees, such that:err

1 4small - small, ideal (VI-2)

smallwhere ij designates the measured small array phase angle, and

ijsmallI ideal designates the small array phases that would corre-

spond precisely to the direction of arrival of the signal wave. (As
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before, the "ij" subscripting signifies that equation VI-l must hold

for all of the three interferometer phase measurements.) K err

describes the small baseline system error. It has two components,

One component is due to the effects of wave corrugation. (See Chapter

VII.) This causes the actual voltage phase differences which appear

across the array elements, actual to differ from those cor-

responding to the precise direction of arrival of the signal %ave,

small, ideal
iJ. The second component is due to phase measurenent

error. (See Chapter II.) This second component is not dependent upon

the operating wavelength of the array. It depends only upon the design

of the instrumei'ation in the interferometer system.

For a given large array baseline, DL, and a given value of Kerr)

the minimum useable small array baseline length, DS, may be computed

from equation VI-I. It follows from the discussion of Chapter II that:
~DS

small, ideal S actual• ij = D i (Vl-3)

•< actual

where 1iaJ denotes the unambiguous large array phases, as in

Chapter I. This equation holds providing that the large baseline array

is assumed to be errorless in comparison with the error of the small

baseline array. Equation VI-2 suggests that at the operating wave-

length at which the error is maximum (normally the longest operating

wavelength);

small small, ideal 4 K e (VI-4)
•iJ = ij + err.(l4

Substitution of equations VI-3 and VI-4 into equation VI-l yields:

actual L K - < 180
pij S err
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or,

DL < (180DS. (VI-5)

err

The above inequality holds at the operating wavelength of maximum

error, hence it must hold at all other operating wavelengths as well.

This is because of the inverse relation between the system error and

the length of the array baseline.

The lower bound on the range of operating wavelengths is reached

when the small baseline array becomes ambiguous. This occurs when the

operating wavelength becomes less than twice the small array baseline,

that is, when Ds > X/2. Hence, the range of operating wavelengths,

X is given by:op'

2D < X < 2D,. (VI-6)
S op2 L

Alternatively this can be expressed as a ratio of the longest useable

operating wavelength (XLongest) to the shortest useable operating wave-

length (XShortest):

X DLoýnest _ L (VI-7)
AShortest DS

DL is chosen to ensure satisfactory operation at the longest

desired operating wavelength; DS must be chosen so as to satisfy

equation VI-5. At the same time it is often desirable to make DS as

small as possible, thus maximizing the range of useable waveleigths

for the system. It is evident from equation VI-5 that the minimum

useable value of DS is (K err)(D L)/1800. Substituting this ralue of

into equation VI-7 yields i% equation for the optimum operating wave-

length ratio of a small/large baseline interferometer system:
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X Longest 180°0( I 8
XShortest Kerr

Two practical conclusions can be drawn from the preceding discus-

sion. If a small/large baseline interferometer system satisfies equa-

tion VI-5 almost as an equality, the operating wavelength ratio will be

maximized. The maximum possible operating wavelength ratio is given by

equation VI-8. Unfortunately, the apparent simplicity uf VI-5 is mis-

leading. The component of K due to wave corrugation appears to varyS~err

with Ds (asswning the operating wavelength is held constant). This

dependence of K on the small array baseline compli,,ates the design oferr

a system with an optimum operating wavelength ratic. Finally, it should

be pointed out that the system may conceivably be oýrhted at wavelengths

greater than XLongest' There will be no ambiguities Lo resolve in this

casel however system accuracy will suffer. On the other hand, the system

cannot operate at wavelengths shorter than XShortest' as the small array

becomes amrbiguous.

Equation VI-8 indicates that the operating wavelength ratio

increases as Kerr decreases. To minimize K err, it is necessary to study

the sources of inaccuracy in an interferometer system. It should be

noted that these sources of inaccuracy affect both the ].,rge and .mall

baseline arrays to different extents. The "corrective measures" sug-

gested in the work that follows may be applied to both systems. Appli-

cation oi these corrective techniques to the small array system will

result in a wider operating wavelength range of the ambiguity resolution

system. Applying them to the large array system will result in greater

system accuracy.

Ls



i 45

The errors in an interferometer array are primarily due to the

invalidity (in practice) of two assumptions that were made in the deri-

vation of the DOA equations 1-2. The first faulty assumption was that

the incident wave haE an essentially uniform, plane phase front across

the array aperture. Usually this is only an approximation, due primarily

to the effects of wave interference. As was pointed out in Chapter I,

many plane waves of various amplitudes might arrive from different

directions at the interferometer array simultaneously. The waves super-

ir-ose (add algebraically) to form very irregular phase and amplitude

paL.erns across the array aperture. Fortunately the components of the

voltages induced in the array elements by all waves not at (or very

near) the signal wavelength are rejected in the receiver. Hence the

apparent wavefront across the array aperture is formed only by those

waves at or very near the signal wavelength. Up until this time it has

been assumed that there existed only one plane wave at the signal wave-

length. More often than not, there exists more than one such plene wave

incident upon the array at the signal wavelength. These waves are

usually of different amplitudes and DOA's. Tney will superimpose to

form a resultant waye which is neither uniform nor plane. Figure 11

(taken from a thesis by Hayden ) shows in two dimensions the resultant

"corrugated" wavefront that is produced by two interfering waves.2 As

shown in Lhe figure, the incident waves are arriving from different

directions such chat an angle of 450 is made by the intersection of

lines normal to the plane wavefronts. The figure has been drawn for

various values of relative wave amplitude, h. The value of h indicates

the relative strength of one interfering wave with respect to the other.

It should be noted that the averaged wave'vonts (see the dashed lines)
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appear 'o travel, in the direction of the stronger incident plane wave.

In the HF range the most prevalent cause of wave interference

(which results in ware corrugation) is the phenomenon of multimode

propagation. Multimode propagation may be thought of as the transmis-

sion of a radio wave from its source to the receiving site via several.

different paths. A typical situation which might occur over a 200 km

distance is shown in figure 12. Here, part of the transmitted signal

travels via a "two-hop" path, whereas the other travels via r "one-hop"

path. There are two separate plane waves arriving at the receiving site

from different elevation angles. The waves may be arriving from slightly

different azimuthal angles as well. This will occur if there exists

any lateral gradient in the ionization (free electron density) of the

refracting portion of the ionosphere. Under these conditions the iono-

sphere is said to be "tilted." It will act as a tilted reflecting sur-

face instead of the more commonly postulated plane horizontal reflector.

Waves that are refracted twice by the tilted ionosphere will certainly

be laterally deflected to a greater extent than those that were

refracted only once. Thus, the waves may arrive from slightly different

azimuthal directions.3

A further observation concerning multimode propagation may be made.

Because the plane waves have travelled over different path lengths,

there must exist a phase difference, c.. between these interfering waves,

even though both waves have originated from the same source. Further-

more, if the refracting layer of the ionosphere is moving either further

away from or closer to the surface of the earth, as is often the case,4

it is clear that the difference in the lengths of the two propagation

paths will vary. Likewise d must vary. The velocity of the refracting
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portion of the ionosphere is eomewhat constant; hence d will vary in

an approximately linear fashion with respect to time.

Another cause of wave interterence is the reflection (or reradia-

tion) of the signal from an object relatively near the array. This

again results in a deformation in the incident uniform plane wave due

to the superposition o! the scattered radiation field and the incident

wave. Generally this reradiated field is quite low in amplitude com-

pared to the incident wave amplitudeand the amount of wave corrugation

due to this effect may be quite small compared to the wave corrr., tion

due to multimode propagation. In this case the path difference between

the two interfering waves is not time variant (unless the reradiating

object is in motion) and the phase difference between the two waves

does not vary with time. Errors due to this effect are commonly called

siting errors.

In the preceding discussion it has been assumed that there exist

only two interfering waves. There may be several. The resultant wave-

front will be further corrugated by the contributions from these addi-

tional interfering waves. However, in practice, the assumption of only

two interfering waves may not be such a bad approximation. This is

because it is likely that the other interfering waves are smaller in

amplitude and thus they affect the wave corrugation pattern to a lesser

"extent. To simplify the analysis, this assumption shall be maintained

throughout the remaining sections of this work.

It has been stated that wave interference results in a corrugated

wavefront. It can be further asserted that these corrugations may be

abrupt enough to make themselves "felt" across the aperture of the

interferometer array. If they are not abrupt enough, the corrugated

•m mmw • a i • • 1wi M m1 • M
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wave will still appear as a "locally plane" wave. However, it is

highly probable that this "plane wave" that the array "sees" is not

arriving from the DOA of either of the two interfering waves. Hayden

has shown that the distance between corrugation maxima, S, (see figure

11) is given by:

S- 2 sin (/2)' (VI-9)

where e is the angle made by the intersection of the 2 interfering wave-

front normals. Because the interferometer system may have an aperture

of several wdvelengths or more, several corrugations of the resultant

wave may appear across the aperture (depending on the value of e), thus

invalidating the DOA equations.

Wave corrugation may also be caused by signals of similar wave-

length arriving from different sources. Such interference is known as

"co-channel interference" if the wavelengths of the two signals are

coincident. If the signals are on adjacent wavelengths but both are

within the receiver passband, the situation is again analogous to that

of receiving a corrugated wave formed by the superposition of these two

waves. Such interference is known as "adjacent channel interference."

It should be noted that the relative phase between such interfering waves

is time-variant, as the waves are rarely of precisely the same wavelength.

Wave interference may not be the only cause of deformation of the

incident plane wave. Any inhomogeneities in the ionosphere or ground at

the points of "reflection" of the propagating wave will cause such

deformations. These inhomogeneities may take the form of changes in the

density of free electrons in the ionosphere due to atmospheric turbu-

lences, or changes in elevatio5 at the point of reflection on the



ground.5 Of course, these inhomogeneities must be of sufficient

abruptness to be "felt" by the interferometer array if they are to cause

any problems.

The second faulty assumption made in the derivation of the DOA

equations was that the phase differences of the signal voltages induced

in the interferometer elements could be measured precisely. Electronic

phasemeters are generally only accurate to within one half of a degree.

Further system instrumentation errors result from the fact that the

effective electrical lengths of the three transmission paths between

the interferometer elements and the phase meters may not be exactly

equal. It is assumed that the transmission lines between the array

elements and receivers have been made of equal length. Unequal lengths

of transmission line would cause the electrical phase differences

measured at the receiving ends of the transmission lines to differ from

those that would be measured at the array elements. A more serious

probl, -as in the multichannel. receiver. The receiver channels must

exhibit identical phase delay characteristics. This ensures that each

channel will be of the same effective electrical length. Unfortunately,

identical phase characteristics are hard to maintain in a practical

multichannel receiver. Each channel's phase delay characteristics tend

to drift as component values change due to thermal effects and component

ageing. If the receiver channels drift independently, the receiver

channels will no longer be of identical effective electrical lengths.

The phase measurements made at the receiver IF frequency are no longer

accurate indications of the interferometer phase differences.

Another type of phase measurement error (which is, in reality, due

to transient wave interference) results if there are transient noise
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spikes present on the received signal. If the phase measurement is made

at the instant that the noise transient is occurring, the noise signal

will interfere with the signal wave, causing a mninentary wavefront cor-

rugation across the array aperture. The phase measurements will not

>1 correspond to the DOA of the signal. Such transient noise spikes, due

both to natural phenomena such as thunderstorms and man-made sources

such as automobile ignition systems, are not uncommon comparions of a

radio signal. Because these noise transients occur at random time

intervals, it seems th.-t it would be desirable to make the phase

measurements as rapidly as possible, thus decreasing the chance of

j phase measurement error due to the occurrence of a noise transient dur-

ing the measurement period. For this reason, systems employing an

antenna-switched, two-channel receiver might be more susceptible to

this type of interference. Such a system can measure only one inter-

ferometer phase at a time. The three phase measurements are made in

rapid succession, as fast as the antenna switching times will allow.

The likelihood of encountering a noise spike in this sequence of three

individual phase measurement periods can be greater than that of

encountering a noise spike in one phase measurement period. This

depends on the expected duration of a noise spike relative to the

length of the switching time interval between the three successive

phase measurements. If the former is substantially greater than the

latter, it is clear that the two-channel receiver system would work

almost as reliably as the three-channel receiver system.

By taking many phase readings as rapidly as possible in a transient-

noise environment, it seems probable that the ratio of "accurate" phase

measurements to "erroneous" phase measurements will be increased over

that which is realizable with a slower (two-channel) system. Averaging
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these phase readings taken at the faster rate should result in averaged

values which are substantially more accurate than those obtained from

the slower system. It may be added that there exist analog phase meas-

urement techniques which will permit continuous (analog) averaging of

the phase measurements. This method should yield the most accuracy of

all, providing that the analog measuring and averaging systems can be

made sufficiently precise. A three-channel receiver must be used if

such analog averaging techniques are to be employed. This enables con-

tinuous monitoring of all three array element voltages. It will be

shown in Chapter VII that interferometer phase measurement averaging has

other benefits as well as the averaging out of the effects of this

transient noise wave interference.

Another source of phase measurement error is signal fading. The

signal may drop below a threshold level under which noise dominates the

phase measurement, not the signal. This fading problem is largely akin

to the noise spike problem in that both result in degradation of the

signal-to-noise ratio. Signal fading is almost always present on iono-

spherically propagated signals. 6 It is a result of several different

propagation phenomena. Among them are multimode wave interference and

time variations in ionospheric absorption or focusing.

The nature of various causes of interferometer inaccuracy has been

discussed. Now it is time to investigate various methods of reducing

these sources of error in the interferometer system.

Ll
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VII. REDUCTION OF WAVE INTERFERENCE EFFECTS

In the previous chapter it was demonstrated that interferometer

errors were due primarily to the violation of two assumptions used in

the derivation of the DOA equations (equations f-2). In this chapter

the reduction of error due to the violation of the first assumption

(that the incidence signal wave is locally plane) will be discussed.

1'It has been stated that multimode piopagation results in a corru-

gated wavefront across the interferometer aperture. Furthermore,

because the relative phase difference between the two interfering waves

varies in a somewhat linear fashion with respect to time, the corruga-

tion pattern will shift its position across the array aperture. As the

corrugation pattern is spatially periodic, the interferometer phases

must likewise vary with time in a periodic manner. This phenomenon is

illustrated in figure 13. The observation made in connection with

figure 11 (that the averaged corrugation pattern taken over an integral

number of corrugation periods appears to be a plane wave travelling in

the same direction as the stronger of the two interfering waves) suggests

that rime averaging over one or more of these corresponding interferome--

ter phase variation periods may result in averaged interferometer phases

which indicate the direction of arrival of the stronger wave. It has

beern shown by Glick1 and Church 2 that this is indeed ' case.

Central to Glick's proof is the consider. ._. zi the voltages

induced in the interferometer antenna elements. In a case in which

there are two waves incident upon the Erray arriving from different

directions, each wave will induce a sinusoidally varying voltage in each

interferometer element. The total voltage induced in each array element
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2

ThB corrugated wavefront
shifts in position across

the array aperture as Od
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variations in 021
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wave'front at time t a t?

Figure 13. Interferometer Phase Variation Due to Wave Interference
(With Time-Var±ant ý )



may be expressed as a sum of the two phasors that correspond to the

voltages induced in that element by the incident (interfering) waves.

Because all phase measurements must be made relative to some reference

voltage, it will be assumed that the reference voltage is the voltage

component induced by the stronger of the two incident Yaves in array

element number 1. (See figure 1.) Let it be assumed that the st-onger,

or primary wave, induces a voltage of unity magnitude in the interferome-

ter elements. The weaker wave induces a voltage of magnitude "h" in the

elements. The value of h may be interpreted as the relative magnitude

of the weaker (secondary) wave measured with respect to the stronger

(primary) wave. The phase relationships existing between the two voltage

components induced in each of the array elements may be determined from

a knowledge of the relative phase difference ( d) between the two

interfering waves and the use of che interferometer phase difference

equations (see equations I-i). od is identical to the phase difference

between the two induced voltages in the array reference element (element

number 1). The phasor diagram for the voltages induced in element num-

ber 1 is given in figure 14a. Here the phase represen.Ing the voltage

induced by the primary and secondary wave phasors is given as d* The

phasor diagram for the voltages induced in antenna element number 2 may

likewise be drawn (see figure 14b), where 21p and 21s are the phases

of the voltage components induced in element number 2 with respect to

Element number 1 by the primary and aecondary waves, respectively.

These phases may be individually calculated from the interferometer

phas. equations I-1. 221p is calculated using the direction of arrival

of the stronger of the two interfering waves, and 21s is calculated

using the DOA of the weaker one. Here the phase of the primary wave is
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(a) Element No. I

I Iv, + 'h2+2h CO d

" tan-i h sin Od
I+ h cos Od

(b) Element No. 2

Od+.2,s IV2!-J,.h'.2hCo, #,,#,-,)

/ #21 #2•02= ton- sin 21p+h sin (O d+021s)

COS 2 1p + h COS ("d + IS2,s)

(C) Element No. 3

Iv31 =,I+ h2 + 2 h cOs (d +*0,1 -s` ,31p)

/ - d+031s

I #,san-' sin0113, +hsin (4d+0 31s)
COS0 3 1p+hcos(#d+#3Is)

Figure 14. Interfercometer Element Voltages Under Wave Interference Conditions
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given as 62,p, while the phase of the secondary wave is given by

d + 21s" Od appears in this expression in order to make this phasz

value relative to the induced primary wave voltage in antenna number 1.

Using analogou.3 reasoning and notation, the pihasor diagram for the third

element may be drawn as in figure 14c. The actual phase of the result-

ant voltage induced in each of the antenna elements (as measured with

respect to the prevIously defined reference voltage) may be derived

geometrically from these phasor diagrams and are given in figure 14.

The interferometer phase differences are easily calculated by subtracting

these various element phases as shown below:

=-ta -1 sin _21p + h sin (d + 21s) -tan1  h sin 0d
cos 21p + h cos d+ ) 1 h cos 4d

-tan1  h sin ý d -1 sin 031p + h sin d + 31s)
0¢1 = ta -• '-ans h -cos13 1+ h cos Td cos q31p 4 h cos s +

S-1 sin 4)31p + h sin d + 031s)
3 t cos 4)31p + h cos (4 d + 31s)

-I sin 4 21p + h sin (4d + #21s)
- tan co 1 h 21+ ) (VII-l)Cos @2p+ h cos (•d + 62s)

If it is assumed that 4)d varies with time, as in the case of multi-

mode propagation, it may be concluded by studying the phase diagrams of

figure 14 that the voltages induced in the array elements will vary in

amplitude resulting in fluctuation of the received signal amplitude.

The phasor representing the voltage induced in an element by the

i•econdary wave simply pivots about its "tail," which is tacked down to
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the "head" of the primary voltage phasor. Because the resultant element

voltage pnasor is drawn from the "tail" of the primary voltage phasor to

the "head" of che secondary voltage phasor, iche resultant voltage like-

wise flucLuates in amplitude and in phase as 0d varies, This is one

cause of signal fading. The severity of the signal fading depends upon

the value of h. If the two waves are of equal amplitude (h = 1), it is

apparent that the aignal will fade away completely for some values of

qd* Furthermore, as od varies, it can be seen from the uiagram that it

is possible that Ps the , ilue of h approaches unity, the phase of the

resultant element voltage may deviate from the phase uf the component of

the element voltage induced by the primary wave by as much as + 900.

This analytical result ig in agreement with what was predicted heuris-

tically from the consideration of the corrugated wavefr ,_ picture at

the beginnin6 of this chapter.

¶ Appendix F contains computer-generated plots of all three interfer-

ometer phases under wive interference conditions, plotted as a function

of relative phase difference ( d). The first three plots illustrate the

increased severity of interferometer phase deviation with increasing

"values of h. (See figures F-l, F-2, and F-3.) Another set of three

plots (see figures V-2, F-4, and F-5) illustrates how the extent of

interferometer phase variation changes with increasing angles between

the interfering signals. These observations will be elaborated upon

later in this chapter. As illustrated, the average of these readings

(taken over one period of these fluctuations) appears to be equal to

•l~p the interferometer phase difference induced in the array by the
3

primary wave alone. Glick has shown analytically that averaging the

equations with respect to 4d over a period (or integral number of periods)
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of interferometer phase difference variation (from d 1800 to 1800)

does indeed yield averaged phase values which are identical to the phases

Sof the voltage components induced by the primary wave. This indicates

that if the interferometer phase difference measurements are time

averaged over an integral number of jcrliods of phase variation (under

time variant ýd wave interference conditions), the DOA corresponding to

these averaged phases is that of the stronger of the two interfering

waves.

At first glance, it might appear that 4d must vary in a strictly

Slinear fashion with respect to time for the above conclusion to be valid.

If this is the case) the time variations of the interferometer phases

will follow their d variations, and Glick's result directly applies to

time averaging as well as to averaging with respect to d" However, it

is also permissible that d vary with time in a random fashion, providing

that it is uniformly distributed in an interval of 4d which corresponds

to an integral number (N) of periods of interferometer phase variation

(T). Tni= Asily follows from the fact that the average (expected)

value of ij(t) is given as:

NT

ýj &1ý ) = f1~ [d (ýd(t)] [•ij [ýd(t)] d d (VII-2)

0

where f is the probability density of d(t). Because d is taken to

be uniformly distributed in the interval. [0, NT],

NT

{ ij[ = I f NT) 4ij [1d(t)] dl d% (VII-3)

0

But this is simply an interferometer phase difference average taken

with respect to •d" This establishes the validity of time averaging the

d-1

A
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interferometer phase differences instead of averaging directly with
respect to 4)d' provided that qd is uniformly distributed over an integral

number of pha&e variation periods.

From a study of experimental data,4 Crush has determined that d
does vary in a semirandon fashion under multimode propagation condi-

tions. Under such conditions, th Od variation is commonly observed to

behave as:

O d = w t + P. (VII-4)

Here P is a random phase perturbation with a Gaussian probability den-

sity function and a mean value of zero. w is the rate at which the

phase is changing. The standard deviation of P is observed to be small

compared to w This gives 0 d a probability density function that is

uniformly distributed over an interval of pd whose length is roughly

proportional to the observation time. In essence, 4)d varies in an

approximately linear fashion, with small random perturbations to either

side of the linear path, as suggested in the discussion of Chapter VI.

Hence the interferometer phases will vary in a somewhat periodic manner

with respect to time. (If 0 d varied in a perfectly linear fashion with

respect to time, the interferometer phase variation would be exactly

periodic in time.) Because these approximately periodic time variations

of 4)j correspond somewhat to the periodic 4)d variations of 4ij' it

would be desirable to time average Oij over an integral number of these

coarse periodic variations. 0 d would then be uniformly distributed over

an approximately integral number of periods of ij"

Alternatively, it may be found easier to average the phase measure-

ments over an arbitrary length of time that is substantially greater

than several periods of phase variation. It is likely that the error
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introduced by averaging over the fractional phase variation period is

negligible, since the average has been taken over a number of integral

phase variation periods as well. This conclusion may be expressed

mathematically. The average of •ij(t) taken with respect to time over

an arbitrarily long time interval, T, is given as:

T

f fij(t)dt. (VII-5)

0

Suppose now that there exists a maximum of N periods of 0ij variation

within (0, TI, each of approximate length T. Then the average may be

written as:

T NT T

(t)dt (t)dt + 1 (t)dt. (VII-6)S ij T f 'ij~td +T f ij

0 0 NT

The right-most term in the above expression represents the error intro-

duced due to averaging over the fractional wavelength. It obviously

tends to zero as T is increased, since T - NT must always be less than

i, and 4ij(t) remains finite.

The actual time-averaging operation is not carried out in an analog

sense even though analog averaging is implied by the above equation.

Instead, these averages are approximated digitally. This is done by

taking a number of successive phase measurements, and then averaging

these. Thus a "sample mean" is obtained which can be made arbitrarily

close to the true time-averaged value of the interferometer phases,

providing that a sufficient number of samples are taken. This implies

that the interferometer system should have a sufficiently high sampling

rate. It should again be noted that a three-channel receiver allows a

I
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much faster sampling rate, as all phases are available simultaneously6

In the three-channel system, all three phases may be read at the same

time instead of in succession, as in a two-channel receiver system.

Another way to take advantage of the simultaneous availability of the

three-interferometer phases in a three-channel system is the combina-

tion of analog and digital averaging techniques. Between samples, the

phase variations may be averaged in an analog sense. (This is equiva-

lent to inserting low-pass filters between the phase meter outputs and

the inputs to the digital sampling circuitry.) This procedure improves

the accuracy of the sample ruean without requiring that mere samples per

period be taken. It may be concluded tiat under rapidly changing multi-

mode propagation conditions, a three-channel system can yield more

accurate DOA's.

Insight into a second technique by which wave interference effects

may be reduced can be gained by examining the effect of array baseline

length on the extent of interferometer phase fluctuation caused by wave

interference phenomena. This effect can best be visualized by again

referring to the corrugated wavefront pattern formed by two interfering

plane waves as shown in figure 15. This figure is drawn such that the

direction of arrival of the primary wave is orthogonal to a line drawn

through the antenna elements. (The primary wa-;efront can be recovered

by "aceraging" the corrugated wavefront.) It is apparent that the

greater the separation between a pair of interferometer elements, the

more closely the induced voltage phase difference will correspond to the

DOA of the primary wave. For example, in figure 15, antenna elements 1

and 2 will indicate an azimuth of about 400; antenna elements 1 and 3

will indicate an azimuth of about 73°. Finally, elements 1 and 4 will
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Figure 15. Increasing Accuracy of an Interferometer Array
by Increasing the Array Baseline
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indicate an azimuth of 800, very close to the azimuth of the primary

wave (900). Note that the antenna elements have deliberately been posi-

tioned at "worst-case" points on the corrugated waveform. That is, they

are positioned such that one element is at a crest of the corrugated

wavefront while the other is at a trough. The deviation of the indi-

cated DOA from the DOA of the primary wave must be at a maximum under

these conditions. Evidently the greater the array baseline, the less

will be the deviation of the indicated DOA from that of the primary

wave. As previously mentioned, it is therefore desirable to keep the

:1 interferometer baseline as long as possible, thus reducing the deviation

j! of indicated DOA due to wave interference. It should be realized that

although the above paragraph has considered a two-dimensional (2-element)

interferometer system, the results should hold equally well for the

triple interferometer.

The effects of multimo'a wave interference on a triple interferome-

ter system can be studied with the aid of a hemispherical projection

plot. In Appendix G are shown a number of such wave interference plots.

The computer program listing that performed this simulation appears at

the beginning of Appendix G. Because the DOA fluctuations are confined

to a small area on the hemispherical projection, only the appropriate

section of the plot is drawn. The orientation of this section is main-

tained relative to the total plot such that the azimuth indicated by

any point on the plot is readily identifiable. Furthermore, the coaxial,

dotted, semicircular lines in the plot represent vertical incidence

angles, and are labelled in degrees. The orientation of these sections

and the vertical incidence angle lines completely specify the position

that the section of the hemispherical projection plot occupies in the
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total hemispherical projection. The DOA trajectories are formed by

computing the DOA under wave interference conditions using the equations

presented earlier in this chapter. A number of DOA's are plotted, each

corresponding to different values of d' while all other parameters are
0

held constant. d is varied incrementally in steps of about 11.5 from

00 to 3600. This is the path of DOA variation as indicated by a triple

interferometer under 6 d-variant (multimode) wave interference conditions.

Two trajectories are drawn per plot. The trajectory that indicates the

smaller DOA fluctuation corresponds to an interferometer with a baseline-

to-wavelength ratio of 1. The otht-c trajectory corresponds to an inter-

ferometer with a baseline-to-wavelength ratio of 1/2. The DOA of the

primary wave is denoted in each plot by the large X.

The first three plots (figures G-1 through G-3) show the various

shapes of the DOA trajectories for three different angles between the

two interfering waves. The next three plots (figures G-3 through G-5)

illustrate the effect that increasing the relative amplitude of the

interfering (secondary) wave has on the DOA variation. Finally, the

latter 4 plots (figures G-6 through G-9) demonstrate the relationship

between the isosceles triple interferometer array angle (y) and the

extent of DOA variation. in Pe,,amirLLg these plots, it is important to

note the scale at which they are drawn. Even very small sections of the

hemispherical projection plot will be drawn so as to fill the whole page.

Several general conclusions can be drawn from these (and other)

plots concerning the effects of wave interference on an interferometer

system. First of all, it is oovious that, as the relative phase dif-

ference between the interfering waves (ýd) varies, the indicated DOA

will vary. It will follow a closed trajectory that is repeated as d

Ld
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varies through multiples of 3600 These trajectories generally

"encircle" the DOA of the primary wave. They are not of any specific

shape. The extent to which the indicated DOA's will vary increases

with the angle between the DOA's of the two interfering waves and the

relative amplitude of the two interfering waves. It decreases as the

array angle is increased. This latter observation is not surprising if

it is realized that decreasing the array angle greatly decreases the

effective aperture of the system. The distance between two of the

j array elements is reduced, thus making the system more susceptible to

the effects of wave interference. This observation is pertinent •ecause

it shows that though a small array angle interferometer system may be

attracta ,e from the ambiguity resolution standpoint (see Appendix C), it

is even more iattractive from the standpoint of wave i.nterference sus-

ceptibility. Finally, it is evident that the extent of DOA fluctuation

decreases as the array baseline is increased. A more thorough treatment

of the effect of array baseline length on interferometer wave inter-

ference errors is presented by Talbott.5

An examination of Table 1, tabulated from data generated by the

aforementioned plotting program, indicates that a sample mean of the 32

computed azimuth and incidence angles yielded an average DOA that was

somewhat close to the DOA of the primary wave. On the other hand, a

similar sample mean of each of che three interferometer phases yielded

a DOA that waS very close to that of the primary wave. This is in

agreement with Glick's results.

As suggested at the end of Chapter VI, it is recessary to make both

the small and large interferometer arrays as accurate as possible. The

small array must be made as accurate as possible in order that it can
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Table 1

Data Tabulated from Wave Interference Simulation Program

Concerning Averaged DOA's and DOA's Calculated from

Averaged Phases. (D/L = .5)

DOA FRM

iri Wave Sec Wave REL ARRAY AVG DQA AVG PHASES
AZ INC AZ INC AMP ANGLE AZ INC AZ INC

Plot 310° 20 315° 300 .5 90 309.40 20.16 310.0 20.060
6-2

Plot 310° 20 315o 45 .5 90 308.9° 20.96 310.00 20.12°

6-3

Plot 310° 20 3150 450 .25 90 309.70 20.20 310.0 20.080

6-4

Plot 310° 20 315o 45 .75 90 268.1 24.57 310.00 20.17°

6-5

Plot 310° 20 3150 45 .5 60 305.8 20.52 310.0o 20.13°
• 6-6

Plot 310° 20 3150 45 .5 45 305.1 20.47 310.00 20.130

SPlot o0.5o 31 000.0°

o6-8 310° 20 3150 450 .5 25 o06.8 20.55 310.0 20.13°

Plot 05 0 20.4

6-9 310° 20 3100 50 .45 5 300.9 20.60 310.0 20.14
I6-9
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be used to correctly resolve ambiguities over the widest possible range

of operAting wavelengths. It therefore makes sense that the small array

phases should be time averaged, just as the large array phase should be

averaged to enhance the system accuracy. After these two sets of phases

have been averaged over a period of time that is long enough to "remove"

the wave interference effects, the phase ambiguity resolution procedure

may be carried out using these averaged values. An alternative approach

that has been suggested is to take instantaneous ph...e readings from the

two arrays and carry out the phase ambiguity resolution procedure

immediately. Many of these "phase ambiguity resolved" (large inter-

ferometer) phases may then be averaged to remove the wave interference

error.

With some thought it can be seen that this second technique is not

completely reliable. The problem with this method stems from the fact

that the effects of wave interference w.11 change the value of each

small interferometer phase by a certain amount in one direction from the

proper (primary wave) value, while the corresponding large interferome-

ter phase may be changed to a much lesser extent. In fact, the large

array phase may be changed in the other direction entirely. This case

is illustrated in two dimensions in figure 16. Because these small and

large array phase measurements are no longer proportional, there is a

strong possibility that the phase ambiguity resolution procedure will

fail. If there is no way to determine when the resolution fails and

when it succeeds, the failures will decrease the accuracy of the final

averaged interferometer phase values.

There also exists a problem with the first method, but this one is

surmountable. Averaging the measured large baseline interferometer
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phases directly (as measured in the range of - 1800 to + 180 ) is quite

useless. A proper "branch cut" must be chosen. To understand what is

meant by this, one must go back to the discussion of Chapter 1, which

demonstrates that any phase difference of two sinusoids can be expressed

by an angle that lies within any arbitrarily selected 3600 range. (See

equation 1-4.) This 3600 range of angles (or branch cutJ must be chosen

so as to permit averaging of a continuous interferometer phase versus

time curve,6 Such a branch cut will always exist, since, as shown at

the beginning of this chapter, the interferometer phase variation is

confined to a 3600 interval. A solution to the problem of suitable
7

branch cut selection was proposed by Grush in 1965. A faster and more

dependable branch cut selection algorithm was introduced by Allen in

19668 Both methods are iterative procedures which require the use of

a digital computer,

The temptation to use the "instantaneous phase resolution method"

(ambiguity resolution before averaging the interferometer phases) has

been great. No branch cut problem exists in this case, as the inter-

ferometer phase measurement samples are automatically made continuous

after phase ambiguity resolution, assuming the resolution has been

carried out successfully for each sample. Unfortun aly, the phase

-iguity resolution is not always successful.

To further illustrate this problem, and hence the desirability of

using the "average phase resolution method" (phase ambiguity after

averaging both the interferometet phases), bo.h .uitLhods wera simulated

on the G-20 digital computer. The wave interference simulation program

used in Appendix G was moditied to perform this task. The modified

program listing and two sample runs are included in Appendix H. In the
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first sar _o -%;i, Table H-i, the relative amplitude of the secondary

wave with respect to the primary wave was chosen such that the wave

interidrence effects were not too severe. (See figures F-i and G-4.)

Both methods yielded the correct primary DOA. In the second run, Table

H-2, the effects of the wave interference were more severe. (See

figures F-3 and C.5.) The instantaneous phase resclution method fails

to indicate the correct primary DOA. This is due, as hypothesized, to

the occasionil fai2ure of the instantaneous phase ambiguity resolut4--

procedure. Such failures can be discerned in the second sample run by

noticing the occasional discontinuities in rhe interferometer phases in

the column labelled "RESULTs INST PHASE AMBIGUITY RESOLUTION."

To determiue how often the instantaneous phase resolution method

might be expected to fail, the program of Appendix H was modified to

iun for many different combinations of interference conditionE and sys-

tem parameters. A listing of the modifiad program as well as the

program output appears in Appendix 1. The first 5 columns i. the Thbles

(program output) describe the wave interference conditions. It ahould

be noted that the secondary wave DOA is expressed in terms of its devi-

ation from that of the primary wave DOA. The next 3 columns describe

the system parameters. "SM D/L" denotes the value of D S/A, the small

atray baseline-to-wavelength ratio. Likewise, "LG D/L" denotes tht.

large array baseline-to-wavelength ratio. The remaining ' colum~s in

the program output cot•rain the results of the two different methods cf

phase ambiguity resolution. It should be emphasized that the two phase

ambiguity resolution procedur-i are carried out in exactly the same

manner as in Appendix H (using 36 phase measurement samples distributed

ovez one period of ýd variatfon), except that the 4ntermediate steps 4re
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not printed in order to conserve space.

In Table I-1, the primary DOA is varied while all other parameters

are held constant, As expected, the average phase resolution method was

always successful; however, the instantaneous resolution method failed

over 50 percent of the time! It should be noted that the failures are

not very severe. Often the indicated DOA differs from the actual primary

DOA by not more than a few degrees. This is because only a few of the

36 phase measurements have been erroneously ambiguity resolved. For

tnis reason, it is likely that one who has chosern to use the instantane-

ous phase resolution method may not realize that there is anything wrong

with the results obtained .

In Table 1-2, the primary DOA has been held cons-... ., but the

secondary DOA has been vari~d. Once again rhe instantaneo,:3 resolution

method fails occasionally. It appears to fail for Lie cases where the

deviation between the DOA's of the interfering waves is relatively large.

In Table 1-3, the relative amplitude betweer the interfering DOA's

(h) has been varied. As would be expected, the instantaneous resolution

method fails for the larger values of the relative anlitude.

In Table 1-4, the small and large array baseline-to-wavelength

ratios have been varied. As would be expected from the discussion at

the beginning of Chapter VI, the instantaneous resolution method is more

successful for smaller ratios of large array basel±ne to small array

baseline (DL/DS). A further generalization that is not so obvious may

b2 drdwn from this tabulation. It appears that for a given value of

SLL/Ds, tha instantaneous phase . solution method is more likely to

succeed for larger waelengths. Look, for example, at how the instan-

taneous resolution method succeeds for a small D/X of .1 and a large'D/X
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of 1, but not for a small D/X of .3 and a large D/X of 3, etc. However,

previous work has indicated that the effects of wave interference are

greater for larger wavelengths. This is because increasing the wave-

length for a given DL DS value results in lower values of both DL/A and

D S/I. Hence both the small and large array are more subject to the

effects of wave interference for larger wavelengths.

In a like manner, it is interesting to note from Table 1-5 that the

instantaneous phase resolution process becomes more su. :essful for

smaller array angles. (Of course, both the small ari large isosceles

arrays must be of the same angle.) This is again cuntrary to what

might be expected, as it has been 3hown earlier in this chapter that the

I effects of wave interference increase as the array angle decreases.

The observations of the preceding two paragraphs lead to an

interesting conclusion which can be further verified geometrically.

Either increasing the operating wavelength or decreasing the array angle

results in a proportionate decrease in the effective aperture of both

the small and large arrays. Consequently, the results of Tables £-4 and

1-5 indicatc that decreas.Ug the effective array apertures in a small/

large haseline interferometer system results in greater phase deviations

of both arrays due to wave interference; however these relatively large

deviations are more closely proportional than they are in larger aperture

systems. Herice (with regard to instantaneous phase measurements),

equation VI-3 becomes less of an approximation and more of an equality

as the small and large array apertuies are proportionately decreased.

(Of course the overall system accuracy will suffer with the decrease in

array aperture.) The general validity of these results can be investi-

gated geometrically by reconsidering the case of a two-dimensional, two-



76

element interferometer system as in figure 16. figure 17 it is seen

that because the corrugated phase pattern "looks" somewhat plane to the

small aperture system, while the large system sees a corrugated wave-

front, the small system's corresponding small and large array phases are

more nearly proportional. It should be noted that this conclusion is

only valid if the portion of the corrugated wavefront intercepted by the

small aperture system is a small fraction of a period of wave corruga-

tion variation. To further illustrate this fact, Tables 1-4 and 1-5

were regenerated (see Tables 1-6 and 1-7), using interfering waves that

arrived from more diverse directions of arrival. This implies that the

wave corrugation pattern will be much finer, as predicted by equation

VI-9. (See figure 18.) Now the small aperture system sees a corrugated

wavefront as well, and the above conclusion is no longer valid' in facts

the originally expected conclusion now appears more valid.

It should be pointed out that the preceding simulation studies

have been based on the assumption of uniform sampling of the interferom-

eter phases throughout one period of 0d varia4tion. In practice, sampling

is not uniform with respect to 4d' but rather with respect to time.

Hence the approximate assumption of 0d variation that is linear with

respect to time has been tacitly implied. Of course, even if ±d is not

varying in a strictly linear fashion with respect to time, the instan-

taneous phase resolution method will fail in exactly the same manner.

All of the preceding discussion in this chapter has dealt with the

removal of the effects of wave interference in which the relative phase

between the interfering signals is time-variant (such as under multimode

prcnagation conditions or under ccnditions of adjacent channel inter-

ferencc). In cases in which the relative phase between the interfering
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waves is constant, such as in a situation in which a siting error exists,

time averaging of the interferometer phases will not remove the wave

interference error. This results in degradation of ambiguity resolution

capability as well as system accuracy. Of course, increasing the large

array baseline will still result in a reduction of the effects of wave

interference. However, the array baseline cannot be made too large,

lest the task of ambiguity resolution become impossible.

In an azimuth-only (two-dimensional) RDF system, attempts have been

made to correct the siting error by making many azimuth measurements of

signals emanating from known DOA's. A calibration curve of the indi-

cated DOA versus the siting error-corrected DOA may then be constructed.

However it seems somewhat doubtful that this method is very reliable.

It has been shown chat the extent of the wave interference effects (and

hence siting error) depends upon the angle between the interfering waves.

It is likely that the RDF system has been "calibrated" using signals

with a 90 incidence angle, as the calibration source is probably a

transmitter placed at the ground level. For signals arriving from

smaller incidence angles, it is likely that the nature of the siting

error will differ, as the relative angles between the interfering waves

have changed. Hence, such an RDF system which has had the siting error

"calibrated out" of it in this manner will be accurate only for waves

with an incidence angle near 900. Nevertheless, it seems theoretically

sound that the siting errors could be successfully "calibrated out" of a

three-dimensional RDF system in this manner. But this would be practi-

cally impossible, as measurements of many known azimuth and incidence

angles would be necessary.
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VIII. REDUCTION OF THE EXTENT OF PHASE MEASUREMENT ERROR

This chapter describes techniques which have been used to improve

system performance by increasing the accuracy of the interferometer

phase measurements. One of the major problems in the interferometer

phase measurement process lieQ not in the phase meter itself, but in

keeping the separate signal paths in the multichannel receiver of the

same effective electrical length. (This was discussed in Chapter VI.)

The solution to this problem seems somewhat obvious in retrospect. At

regular intervals a common calibration signal is applied to the input of

each receiver channel. As the receiver phase delay charat .... stics vary

with time, it is likely that the receiver channels will not remain at

exactly the same effective length. Consequently the phase difference

readings taken at the outputs of the multichannel receiver may differ

greatly from the expected value of zero degrees. The phase differences

measured in this manner are known as "calibration phases." Any subse-

quent interferometer phase measurements may then be corrected for this

type of systematic error by merely subtracting the appropriate calibra-

tion phase from them. New calibration phases must be obtained at a rate

proportional to the rate at which the receive 'base delay characteris-

tics are changing.
1

Another type of error in the phase measurement process is caused by

noise trans.,:nts, as discussed in Chapter VI. It appears that phase

averaging is the solution to this problem. Furthermore, it has been

shown in Chapter VI that a three-channel receiver may have distinct

advantages over a two-channel receiver in a transient noise environment.

Even after the above phase measurement error reduction techniques

have been applied, some error remains. If the phase measurements were

L ____ _
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error-free, their sum (after successful phase ambiguity resolution)

would equal zero, as demonstrated in Chapter I. (See equation 1-3.) A

look at some real interferometer phase data (see Appendix J) reveals

that i ie sum of the interferometer phases is rarely zeroi In this

case each ambiguity resolved, measured phase may be written as
actual

Sij= ji + Aij, where A ij denotes the error incurred in the

measuring process. Therefore, in practice, equation 1-3 must be written

as:

S.actual ,actual +actual
92 1 + 1 3 +¢ 3 2 " q 2 1  + 13 + 32

+ A121 + A13 + A32 " (A21 + A13 + A32) = L. (VIII-I)

One might be tempted to assume that the closer A is to zero, the
more accurate the phase measurements are. Because the individual A ijs

may bE either positive or negative, this assumption is questionable.

The individual phase measurement errors, Aij, may be large, and yet A

could be very close to zero. This will be the case if two or all of the

A i. s are large and of opposite sign such that their sum is relatively

small. If JAI is large, it is certain that at least one of the phase

measurements is inaccurate. On the other hand, a small value of I6 is

a necessary but not a sufficient indication of low phase measurement

error.

For non-zero values of A, the DOA equations (equations 1-2) are no

longer equivalent. It is impossible to determine in which phase (or

phases) the phase measurement error has been made. Consequently, one

has no way of knowing which two of the three in "ferometer phases (and

F:
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correspondingly, which equation in equations 1-2) should be used to

obtain the most accurate DOA. It is apparent that the smaller A is, the

more equivalent equations 1-2 become; hence, the choice of which two

phases should be used to calculate the DOA is not as important. However,

as noted in the preceding paragraph, this does not necessarily imply

that the phase measurements have been made accurately.

As can be seen from the real data samples of Appendix I, the sum of

the averaged phases is always relatively close to 0, as contrasted with

the sums of the individual unaveraged phases. !his is an indication

that phase averaging does indeed reduce the extent of phase measurement

error. If sufficient phase measurements have been averaged such that

A is within a few degrees of zero, it will essentially not matter which

of the three ph,....-. are used in the DOA calculations. Of course, this

can be done only if the cignal is present for a sufficiently long time.

If IAI remains appreciably large after phase averaging, the inter-

ferometer phases may be taken two at a time and used to calculate three

distinct directions of arrival. Figure 19 illustrates this process, and

shows the three DOA's plotted on a section of a hemispherical projection.

Because it is not known which of these DOA's is more accurate, it seems

that the most logical choice of the indicated DOA is at the centroid of

the triangle formed by the three calculated DOA's. This DOA is deter-

mined by vector averaging the three calculated DOA's. If the three
indicated azimuths are given by a21-321 a21-13 and a32_13, as in equa-

tions 1-2, the vector average of the indicated azimuths - given as:

-i sin a, + sin•a + sin a
-1 Utn~ -32 21-13 321} (VIII-?avg tan {cos a21-32 + cos a21-13 + cos c32-13} -2)

L
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It should be noted that this method of azimuthal averaging requires sub-

stantial computation. The three individual azimuths must first be com-

puted, then their average taken. It turns out that the expression for

the average incidence angle simplifies in such a way that it may be cow-

putea directly from the interfero~neter phases. Vector averaging the

expressions of equation 1-2 for 021_32, e2 1 - 1 3 , and 032_13 (as in equa-

S.... •V. -. 4/ y.L ds

2 +2 2+ 3

avg sin- A21 + 02 .(V1IN3)

0 D ffX

A less tedious method of azimuth computation would be useful from

the standpoint of system speed. Such a method has been suggested by

E. K. Wqalton. 2 Assume that the sum of the interferometer phase meas-

urements is A, as in equation VIII-l. Subtracting A/3 from each of the

phase measurements such that:

S= (Oii + Aij) - A/3 (VIII-4)

will re-establish the condition oi equation I-3, that is:

S+ •32 + ý21 0. (VIII-5)

Using any two of these "corrected" phase values 4j, the appropriate

formula from equations 1-2 may be used to compute the azimuth. Because

equations 1-2 are again equivalent, angle averaging is no longer neces-

sary. The required azimuth computation is greatly reduced.

The results of these two methods are plotted in figure 19. Both

methods appear to give answers which are equally acceptable. It is the

object of the work that will follow to examine the equivalence of these

two methods. It is shown in Appendix K that if:
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tan a21-32 Yl/Xl, tan l21-13 Y2 /x2' tan a32-13 =Y3/X3*

-t(VII -6)

then the first method described (called the angle averaging method)

implies that:

av-g Y1 /r1 + Y2 /r 2 + Y3 /r 3  (VIII-7)

aavg -tan xl/rI + x2 /r 2 + x3 /r 3

=!i 2where ri - 2 +Y

On the other hand, the second, faster method (called the delta method)

implies that:

ce. = ta n1 _ l + Y2 + 3 (VIII-8)
a'ý =Xta +~ +x 3 .

Making use of figure K-1 (in Appendix K) and equations VIII-l and

VIII-7, it may be shown that:

r =2 /0 2 + + 2
1 13 + 21 13 + 21

2 /2 2 2A2

12 13 + ý2113 +21 + [2 _ 243 - 21] (VIII-29)

-2 2/42 + 2 + + [A2 _ 2A23 13 + 2113 21 -213 -23 21

Hence, for small JAl, r 1  r 2  r 3, ana equations VIII-7 and VIII-8

imply that:

Savg = a . (VIII-10)
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To get a feeling for just how large JAI might be before the two

methods are no longer comparable, a more inductive type of investigation
was carried out, utilizing the G-20 digital computer. Both mthOdS Were

"programmed," and erroneous phase measurement data were processed using
both methods. Most of the erroneous data was simulated in order to

maintain control of the error distribution over the three interferometer

phases. (See Appendix L.) However, some of the data was real, tiken at

the triple interferometer RDF station at the University of Illinois'

Monticello Road Field Station. (See Appendix J.) From the computer

simulation results, it is apparent that even for rather large values of

jbI, equation VIII-9 holds.
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2. E, K. Walton, from a private communication at this laboratory.
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IX. CONCLUSION

The basic principles of operation of the triple radio interferometer

RDF system have been discussed. Particular attention has been paid to

the ambiguity resolution portion of the system. It has been shown that

phase ambiguity resolution offers advantages over direction ambiguity

resolution. The factors that influence system accuracy have been examined

and suggestions have been made on how to minimize the effects of these

factors. Some of these suggestions are commonly used in modern inter-

ferometer systems. Some have not yet been tried. It seems that further

work in this area should 'Involve experimental work in which some of the

theoretical points raised in this study are further checked for validity.

C
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APPENDIX A

This appendix contains sample output from the computer program

flow-charted in figure 6. This program is capable of tabulating all

possible ambiguities indicated by a simple interferometer system for

any given direction of arrival and baseline/wavelength value. The

samples included in this appendix were particularly chosen to demonstrate

how the number of ambiguities varies with D/X and with the direction of

arrival, as discussed in Chapter IV.

LF
Ii(
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Table A-I. Lis- of Direction Ambiguities (D/N 1)

bAShLINE 100.0 WAVELENGTH a 10O.0 P4.21 2 -5t.74 PHI1 s 47.89 PH132 U :0.86

ACTUAL DiRECTION OF ARRIVAL...... AZIMUTH a 200.C0 INCIDtNCF 8 10.00 GAMMA U 60.00

AhMIGUITv NO. 1 PH121+2 PI 0 PHI32+2 P1l 0 ALPHA a 200.00 THETA a 10.00
AMSIGUITi NO. 2 PHI21+2 PI 1 PHI32+2 P1l 0 ALPHA w 31,/6 THETA a 79.79

BLOCft ADDHESS: 0!2

Table A-2. List of Direction Ambiguities (D/A = 2)

"UAStLINE a 2UU.U WAVELENGTH a 10U.0 PH121 z -11/.49 PHI13 a 95.78 PH132 x 21.71

AUTUAL DiRECTION OF ARHIVAL...... AZIMUIH a 200.00U INCIDNCE u 10.U0 GAMMA * 60.00

AMBIGUITv NO. 1 PH121+2 Pit -1 pH13242 P1' 0 ALPHA a 207.69 THETA * 48.50
AMBIGUITI NO. 2 PHI21+2 Pit -1 PHI32+2 P1l 1 ALPHA a 160.93 THETA a 44.56
AMBIGUITi NO. 3 PH121+2 Pit 0 PH132+2 PFl -1 ALPHA a 255.63 THETA x 41.10
AM8IGUITv NO. 4 PH121+2 Pit 0 PH132+2 Plo 0 ALPHA • 200.00 THETA a 10.00
AM6IGUITt NO. ! PHI21+2 Pit 0 PH032+2 PFl 1 ALPHA a 107.49 THETA a 32.89
AMBIGUIT, NO. 6 PHI21÷2 Pl. 1 PHI32+2 P1l -2 ALPHA a 290.00 THETA a 80.00
AMBIGUITt NO. 7 PHI21+2 Pit 1 PH]32+2 Plo -1 ALPHA a 314.06 THETA a 28.V7
AMUIGuIT, No. 8 PHI21+2 Pit 1 PHI32+2 P1. 0 ALPHA - 34.24 THETA - 24.05
AMUIGUITt NO. 9 PH121+2 Pie 1 PHI32+2 P1. 1 ALPHA a 67.34 THETA a 60.94
AMBIGUITv NO. 1u PH121+2 P1. 2 PHI32+2 PI' -1 ALPHA a 355.94 THETA a 57.03
AMBIGUIT: NO. 11 PH121÷2 Pi. 2 PHI32+2 P1l 0 ALPHA a 31.76 THETA a 79.79

Table A-3. List of Direction Ambiguities (D/X - 3)

IBASeLINE w 300.0 WAVELENGTH a 10U.0 PHI21 a -170.23 PHI1J = 143.66 PH132 * 32.57

AUTUAL DaRECTION OF ARRIVAL...... AZIMUTH a 200.00 INCIDhNCE a 10.00 GAMMA a 60.00

AMBIGUITt NO. 1 PH121+2 Pi1 -2 PHI32+2 pFl 0 ALPHA z 208.16 THETA a 70.27
AMOLGUITi NO. 2 PHI21+2 PI -2 PHI32+2 Pi 1 ALPHA a 184.09 THETA a 56.30
AMUIGOdtT NO. 3 PH121+2 Pi. -2 PH132+2 Pi. 2 ALPHA a 15e.58 THETA x 63.0!

AMUIGL-.Tt NO. 4 PH121+2 Pi1 -1 PH132+2 Pie -1 ALPHA a 232.05 THETA a 53.8!
AMBIGUIT, NO. b PHI21+2 P1. -1 PH132+2 Pi 0 ALPHA a 206.90 THETA a J3.84
AM•1GUITT NO. 6 PH121+2 Pit -1 PH1

3
2+2 Pi 1 ALPHA x 165.00 THETA a 30.94

AMBIGUITt NO. 7 PHI21+2 Pi. -1 PHI32+2 P1t 2 ALPHA a 133.79 THETA a 45.85

AiWIGUITv NO. a RMI21÷2 P1l 0 PH132+2 Pit -2 ALPHA a 258,87 ThETA x 57.68
A1%dIGUITv NO. 9 PHI21+2 Pi. 0 PH132+2 P1l -1 ALPHA a 249.83 THETA a 28.2b
AMBIGUITt NO. 10 PHI21+2 PI 0 PH132+2 Pi1 0 ALPHA 8 200.00 THETA 2 10.00
AMUIGUITt NO. 11 PHI21+2 P1. 0 PH132+2 Pit 1 ALPHA a 116.62 THETA x 21.3b

AMBIGUIT, NO. 12 PH121*2 Pit 0 PHI32+2 Pit 2 ALPHA i 102.94 THETA * 46.79
AMUIGUITv NO. 13 PHI21*2 Pit 1 PHI32+2 Pi1 -2 ALPHA z 284.96 THETA a 41.23
AMHIGUITi NC. 14 PHI21+2 Pi 1 PH132+2 Pi1 -1 ALPHA a 304.04 THETA a 17.69
AMUIGUITi NO. 15 PHI21+2 P1. 1 PH132+2 Pit 0 ALPHA a 38.02 THETA x 12.47
AMBIGUIT, NO. 16 PHI21+2 Pit 1 PHI32+2 Pi1 1 ALPHA a 71.81 THETA a 33.04

AMBIGUITt NO. 1j RH121+2 PN. 1 pH13242 PFl 2 ALPHA a 79.33 THETA a 66.74
AMUIUUITt NO. 18 PHI21+2 PFl 2 PH132÷2 P1l -3 ALPHA 2 301.27 THETA a 75.9!
AMBIGUITi NO. 19 PHI21+2 P1. 2 P1H32+2 P1l -2 ALPHA a 318.57 THETA a 42.18
AMBIGUITi NO. 20 PHI21+2 Pit 2 PH132+2 PIt -1 ALPHA . 353.27 THETA a 30.46

AMBIGUITt NO. 21 PH121+2 Pi1 2 P1H32+2 Pie 0 ALPHA a 32.88 THETA a 36.84
AMBIGUITi NO. 22 PH121+2 P1* 2 pHN32÷2 Pi1 1 ALPHA a 54.67 THETA a 60.54

AMBIGUITt NO. 23 PHI21+2 Pit 3 PHI32÷2 PI1 -2 ALPHA % 343.25 THETA a 60.91

AMBIGUITi NO. 24 PHI21+2 Pit 3 PHI32÷2 Pit -1 ALPHA a 9.03 THETA a 57.92
AMBIGUIT: NO. 25 PHI21+2 Pi1 3 PHI32+2 Pi1 0 ALPHA a 31./6 THETA a 79.79
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Table A-5. List of Direction Ambiguities (a 00, e - 00)

OAStLINE * 30U.0 WAVELENGTH a 100.0 PH121 a 0.00 PHIIS z 0.00 PH132 a 0.00

ACTUAL ODRECTION OF ARRIVAL...... AZIMUTH s 0.00 INUI'NCE a D.0 GAMMA * 60.00

AMBIGUITT NO. 1 PHI21+2 PIe -2 PHI32÷2 PlO 0 ALPHA a 210.00 THETA a t0.34
AMBIGUITY NO. 2 RHI21+2 Pit -2 PH132+2 Pi 1 ALPHA a 180.U0 THETA a 41.81
AMBIGUI-v NO. 3 RH121+2 Pi. -2 PH132+2 PI 2 ALPHA a 150.00 THETA a 50.34
AMBIGUITt NO. 4 PH121+2 PI -21 PHI32÷2 PIe -1 ALPHA a 240.00 THETA w 41.81
AMBIGUITY NO. 5 RHI21+2 Pi. -1 PHI

3
2+2 Pi 0 ALPHA a 210.00 THETA a 22.64

AMBIGUITY NO. 6 eHI21+2 P1. -1 PHI32+2 Pit 1 ALPHA a 150.00 THETA a 22.64
AMBIGUITY NC. 7 eHt21'2 PI -1 PH132+2 P1. 2 ALPHA a 120.00 THETA U 41.81
AMBIGJITy NO. 8 RH121+2 Pit 0 PHI32.2 Pel -2 ALPHA x 270.00 THETA a 50.34
AMBIGUITY NO. 9 PH121+2 Pi. 0 PH132+2 Pit -1 ALPHA S 270.00 THETA a 22.64
AMBIGUITY NO. 10 PH121+2 P1. 0 PHI

3
2+2 Pi1 0 ALPSA x O0UO THETA a 0.00

AMBIGUITY NO. 11 PH121+2 Pis 0 PH132+2 Pl* 1 ALPHA x 90.00 THFTA a 22.64
AM8IGUITY NO. 12 PH121+2 Pit 0 PH132-2 P1. 2 ALPHA a 90.00 THETA a 50.34

AMBIQUITt NO. 13 PH121+2 P1. 1 PH132+2 Pie -2 ALPHA s 300.!0 THETA a 41.81
AMBIGUITY NO. 14 PH121+2 P1. 1 PH!32+2 P1. -1 ALPHA a 3,0.00 THETA a 22.64
AMBIGUITY NO. 15 PH121+2 Pi. 1 PH132+2 Pi1 0 ALPHA x 31.00 THETA 8 22.64
AMBIGUITY NO. 16 PH121+2 Pl. 1 PH132+2 Pi 1 ALPHA a 60.00 THETA * 41.81
AMBIGUITY NO. 17 RHI21+2 Pi. 2 PHI32÷2 Pit -Z ALPHA a 330.00 THETA a )9.34
AMBIGUITY NO. 18 PHI21+2 Pi 2 PHI32+2 Pit -1 ALPHA a 0.00 THETA 3 -t.81
AMBIGUITY NO. 19 PH121+2 P1. 2 PH132+2 PI1 0 ALPHA x 30.00 THETA a 50.34

Table A-6. List of Direction Ambiguities (a - 00, 0 - 300)

UAShLINE a 300.0 WAVELENGTH a 100.0 PH121 x -180.00 PHI1J a 90.00 PH132 a 90.00

A.jUAL DsRb. 'ON OF ARRIVAL.-.... AZIMUTH x UOU !NUIDtNCE * 30.00 GAMMA • 60.00

AMBIGUITY NO. 1 PHI21.2 Pit -2 PH132+2 PI 0 ALPHA a 204.79 THETA n 6".64

AMBIGUITY NO. 2 PH121÷2 P1. -2 PH13242 Pit 1 ALPHA a 180.00 THETA a 5o.44

AMBIGUITY NO. . PH121+2 P1. -2 PHI32+2 Pit 2 ALPHA a 155.21 THETA a 66.62
AMBIGUITY NO. 4 PHI21+2 P1. -1 PH132*2 Pit -1 ALPHA a 229.11 THETA a 49.80
AMBIGUITY NO. ! PH121+2 Pi1 -1 PH132+2 P1e 0 ALPHA x 201.05 THETA a 32.40
AMBIGUITY NO. 6 EH121;2 Pi -1 PHI12+2 P|* 1 ALPHA x 158.95 THETA & J2.,0
AMBIGUITY NO. 7 eH121+2 P1. -1 PH132+2 Pit 2 ALPHA a 130.89 THETA a 49.80
AMBIGUITY NO. 8 PH121+2 P1. 0 PH132+2 PIe -2 ALPHA 2 257.78 THETA a 51.96
AMBIGUITy NO. 9 PHI21-2 Pl. 0 PH132t2 Pie -1 ALPHA 8 246.59 THETA 8 24.80
AMBIGUITY NO. 19 PH121+2 Pi 0 PH132+2 Pi1 0 ALPHA 2 180.00 THETA a 9.59
AMBIGUITY NO. 11 PH121.2 Pi. 0 PH132.2 P1' I ALPHA a 113.41 THETA a 24.80
AMBIGUITY NO. 12 PH121+2 P14 0 PH132,2 P1e 2 ALP4A a 102.22 THETA a 51.96
AMBIGUITY NO. 16 PHI21+2 P1. 1 PH132*2 P1' -" ALPHA 8 279.83 THETA 9 77.57
AMBIGUITY NO. 14 PHI21+2 PIe 1 PHI32+2 P1' -2 ALPHA a 286.10 THETA * 36.94
AMBIGUITY NO. 15 PH121+2 P1. 1 PHI 3 2+2 Pi -1 ALPHA a 310.89 THETA a 14.75
AMBIGUITY NO. 16 PH121+2 Pi. 1 PHI32+2 PIt 0 ALPHA a 49.11 THETA a 14.75
AMBIGUITY NO. 17 PH121+2 P1. 1 PH132*2 P1. 1 ALPHA a 73.90 THETA a 36,94
AMBIGUITY NO. 18 PH121+2 P1. 1 PH132÷2 Pi 2 ALPHA a 80.17 THETA a 77.5/
AMBIGUITY NO. 19 PH121+2 P1. 2 PH132+2 Pit -4 ALPHA x 303.00 THETA x 66.62
AMBiGUITY NO. 24 PH121÷2 P1. 2 pH132+2 Pie -2 ALPHA a 322.41 THETA a 39.12
AMBIGUITY NO. 21 1HI21.2 Pi 2 PHI32.2 P1' -1 ALPHA 4 0.80 THETA w 30.00
AMBIGUITY NO. 22 PH121+2 Pl. 2 PH132+2 Pit 0 ALPHA % 37.59 THETA a 39.12
AMBIGUITt NO. 23 RHI21+2 P1. 2 PH132.2 Pi. 1 ALPHA a 57.00 THETA a 66.66
AMBIGUITY NC. 24 PHI21+2 Pl. 3 PH132.2 Pel -2 ALPHA a 347,00 THETA a 58.79
AMBIGUITY NO. 25 eH121+2 Pl. 3 PH132+2 Pi -1 ALPHA a 13.00 THETA . 58.79
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Table A-7. List of Direction Ambiguities (a - 450, e - 450)

U.ASeLINE a 300.0 WAVELENGTw a 100.0 PH121 a -180.00 P1IJ x -17.65 PH132 a -162.35

ACTUAL DiRECTION 3F ARRIVAL.*.... AZIMUIH * 40.00 1NUIDONCE o 45.00 GAMMA a 60.00

AMBIGUITi NO. 1 PH121+2 Pi. -2 PH132+2 PI 1 ALPHA w 197.94 THETA a 61.15
AMBIGUITi NO. 2 PH121+2 Pi. -2 PH132+2 PI 2 ALPHA 8 172.14 THETA a 57.27
AMBIGUITv NO. 3 PhI -2 Pi -2 PH132+2 Pit J ALPHA a 14;.04 THETA a 76.Z7
AiIIGUITv NO. n PH121+2 Pi. -1 PH132.2 PI1 -1 ALPHA a 239.45 THETA * 79.64
AMBIGUITr NO. PHI21+2 P1. -1 PH132+2 P10 0 ALPHA a 222.75 THETA a 42.92
AMBIGUITi NO. PH121+2 Pie -1 PH132+2 PI• 1 ALPHA x 188.79 THETA a 30.39
AMBIGUITY NO. PH121+2 Pit -1 PH132+2 PIG 2 ALPHA a 148.40 THETA v 35.95
AMBIGUITv NO. d PH121+2 Pi. -1 PHI32.2 Pit . ALPHA - 125.83 THETA a 58.66
AMUIGUiT NO. 9 RH121+2 Pi. 0 PHI1322 P1" 1 ALPHA * 255.72 THETA a 42.50
AMBIGUITT NO. 1U eH121÷2 PI1 0 PH132+2 Pit 0 ALPHA a 238.29 THETA a 18.49
AMBIGUITT NO- 11 PH121+2 P|v 0 PH132.2 Pie 1 ALPHA a 145.37 THETA a 11.69
AM8IGUITY NO. 12 PH121+2 Pi. 0 PH132,:2 P1' 2 ALPHA a 108.43 THETA a 31.81
AKUIGU17i NO. 13 74121÷2 Pit 0 PH132.2 PI . ALPHA a 100.67 THETm a 64.2Z
..MBIGUITt 40. 14 PH121+2 PI 1 PH132.2 Pi1 -2 ALPHA a 281.13 THETA a 59.70
AMBIUUITT NO. 15 H1121+2 P1. 1 PH132+2 PIG -1 ALPHA a 289.83 THETA a 29.43
AMBIGUITY NO. 16 PHI21+2 Pi1.' PH132+2 PIG 0 ALPHA * 335.10 THETA a 10.59
AMBIGUITe NO. 17 P1H21+2 Pi. 1 pHI32+2 pit 1 ALPHA a 61.55 THETA a 20.48
AMUb3UITi N9. 18 PH121+2 P1. 1 PH132.2 Pit W ALPHA a 76.47 THETA a 45.42
AMBIlUlTi N0. 19 .'121+2 P1, 2 PH132+2 Pi -2 ALPHA a 307.37 THETA a 55.47
AMOIGLt'1, %. 2U PH121+2 P1. 2 PH132+2 Pil -1 ALPHA a 331.65 THETA a 34.62
AM JI 7T1 it. 21 F1121+2 PIG 2 PH132.2 Pit 0 ALPHA a 12.96 THETA a J.087
AM8IuUIT? I., ? FH121+2 Pit Z PH132÷2 PI* 1 ALPHA t 45.00 THETA . 45.0U
-mB!L.!T; '.% . RH121+2 Pit 3 PH132+2 P' -,d ALPHA a 330.98 THETA a 72,3!
-,ImiL. 1t '.,1, " R8321+2 T. 3 PH132÷2 Pie -1 IA.PHA a 354.70 THETA a 56.82
AMBI3UIt, PH121+2 P1. 1 PH132.2 PIG 0 ALPHA a 20.26 THETA a 62.66

Table A-8. List of Direcrion Aubigulties (a - 450, 8 - 800)

BAStLINE a 300.0 WAV0LENGTw a 1U.j PHL21 a 32.07 PHll z i5265 PFH432 a -84.72

AuTLAL ViRECTION Of ARRIVAL,.... AZIMUTH a 45.00 INDIOtNCE a 80.00 GAMMA a 60.00

AMBIGUITt NO. 1 PH121+2 Pi. -3 PH132+2 Pit 2 .LPHA a 173.01 THETA a 77.84
AMBIGUITt NO. 2 PH|1212 Pi -2 PH132+2 Pi 0 Aý.PHA a 215.74 THETA a 51.70
AMOIGUITi NO. 3 PH121+2 PI1 -2 PH13262 Pi' 1 ALPHA a 186.!8 THETA a 39.88
AMBIGUITi NO. 4 PH121+2 Pit -2 PH|32+2 Pi 2 ALPHA a 153.94 THETA a 45.16

AMBIGUITi NO. 5 PH121+2 Pi. -2 PH132.2 PI1 4 ALPHk a 132.45 THETA s 70.69

AMBiGUITw NO- 6 RH121+2 PI1 -1 PH13242 PI1 -1 ALPHA 9 244.99 THETA a 45.90
A"BIGU:Ti NO. 7 PH121+2 P1. -1 PH132,2 PIG 0 ALPHA a 221.21 THETA a 23.80
",18IGU1Ti NO. d RH121+2 PI1 -1 PH132+2 Pit 1 ALPHA a 158.60 THETA a 19.03
AMBIGUITv NO. 9 14121+2 PIG -1 PHI32+2 P10 2 ALPHA a 121.07 THETA a 36.04
AM6:GUITi NO. 1U PH121+2 P1. -1 PH132+2 P1t J ALPHA a 108.86 THETA a 69.94
AMBIGUITt NO. 11 PH121+2 PI. 0 PH132+2 PI• -i ALPHA a 272.02 THETA a 57.54
AMBIGUITv NO. 12 PH121.2 Pie 0 P1432,2 PIe -1 ALPHA a 273.71 THETA a 27.34
AMBIGUITv NO. 13 PH121+2 PW. 0 PH132+2 Pi1 0 ALPHA p 292.02 THETA a 4.54
AMBIGUITt NO. 14 RH121,2 Pit 0 PH132+2 Pi. 1 ALPHA a 84.55 THETA a 18,23
AM81GUITi NO. 15 pH121+2 P1. 0 PH13242 P|• 2 ALPHA a 87.56 THETA a 44.19
AMBIGUITI NO. 16 RH121+2 Pi I PH132+2 PI' '2 ALPHA 8 299.15 . :TA a 48.18

AMBIGUITt NO. 17 PH121+2 P'* I PH132+2 Pit -1 ALPHA a 323.78 T-.TA a 26.74
AMBIGUITt NO. 18 PH12142 .L4 1 PH132,2 PIG 0 ALPHA a 18.15 THETA a 22.46

AMBIGUITM NO. 19 PH121+2 PI 1 PH132.2 Pi1 1 ALPHA a 54.23 THETA a 38,39
AMBIGUITv NO. 20 PH121÷2 Pi. I PH13242 P14 2 ALPHA a 67.78 THETA a 73.76
AMS1GU|TM NO. 21 PH123+2 PIe 2 P1132+2 PI" -2 ALPHA a 326.65 THETA a 56.48
AmHBGUITv NO. 22 1HIZ÷+2 Pi. 2 PH11322 PIG -1 ALPHA a 353.98 THETA a 44.45

AMBIGUIT' NO. 23 P.4121+2 P1. 2 PH|32+2 PIt 0 ALPHA a 24.10 THETA a 49.72
AMdiGUITt NO. 24 eH123+2 Pi1 2 PH132+2 Pi. 1 ALPHA a 45.00 THETA a 80.OU

-.--U
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APPENDIX B

This appendix contains unit hemisphere projection plots which pre-

cisely correspond to the ambiguity data found in Appendix A. Note the

symmetry of these plots. Note also how the plots vary with D/A, as

discussed in Chapter IV.
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UNIT HEMISPHERE RMBIGUITY PLOT

D,/LfLMBD = 1.00 RZIMUTH 200.00 INCIDENCE 10.00

NORTH
0.0

ol

0

00

00

R1RRTY ANGLE 60.00
Figure B-1. Heu~ispherical Projection Plot (D/)X 1)
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UNIT HEMISPHERE RMBIDUITY PLOT

D/LRMBOR = 2.00 RZIMUTH = 200. O0 INCIDENCE 10.00

NORTH
0.0I

"-4,7 --t 
,,

C/
-- 0

-. /

0-

RARRY RNGLE = 60.0(1

Figure B-2. Hemispherical Projection Plot L. 'k = 2)

L
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UNIT HEMISPHERE RMBIGUJTY PLOT

O/LRMBDR 3.00 AZIMU!H - 200.00 INCIDENCE 10.00

NORTH

0 • K K K

Z.x x x//

ARRAT ANGLE= 60. 00
Figure B-3. Hemispherical Projection Plot (D/•,*' 3)

- I ~~ ~ ~II I • l = i = 1 - i - 1 1 - = . i i. . . - I
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UNIT HEMISPHERE RMBIGUITY PLOT

B/LAMBDA = L.00 AZIMUTH = 200.00 INCIDENCE 10.00

NORTH
0.0

3I K x K

/ '/

X 34X X

O'Os

0.

x K

RRRRY RNGLE = 60.00

Figure B-4. Hemispherical Projection Plot (D/X = 4)
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UNIT HEMISPHERE RMBIGUITY PLOT

O,;LRMBDR = 3.00 AZIMUTH = 0.00 iNCIDENCE 0.00

NORTH
0.0

00

S~RRRRT RNC-LE = 60.O00

0 0

SFigure B-5. Hemispherical Projection Plot (y =0° 6 0°

K

oog



101UNIT HEMISPHERE RMPJGITV PLOT
D/LRMSOR =3.00 RZIMUTH 0.00 INCIDENCE 30.00

NOT

0 0
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UNIT HEMISPHERE RMBIGUTTY PLOIT

D/LRMBOR = 3.00 RZIMUTH = 45.00 INCIDENCE 4b.00

NOPTH
0.0

~r1x o

N N N t I

0.0

AJIR9RT RNGLE 60.00
Figure B-7. Hemispherical Projection Plot (y = 450, e = 450)
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UNIT HEMISPHERE RMBIGUITT PLOT

D/LRMBOR = 3.00 RZIMUTH = 15.00 INCIDENCE 80.00

NORTH

x x

x

-CA

0.0

x .to

ARBAT RNGLE = 60.00

00

FiueB-8. Hemispherical Projection Plot (y 45 6 80°

Fiur
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APPENDIX C

A listing of the general ambiguity locating program (GNAMLC) as

well as four sample hemispherical projection plots is included in this

appendix. Program GNAMLC is structured according to the flow chart of

figure 6, except that it uses the more general isosceles array inter-

ferometer equations. (See equations IV-I.)

Due to the symmetry of these plots, it has been found that such

hemispherical projection plots may be constructed in a much simpler

manner (without the use of a computer!), using equations IV-10 through

IV-13. This is discussed at the end of Chapter IV.

The four sample plots have been specifically chosen to illustrate

how the number of direction ambiguities and the ambiguity distribution

pattern varies with the isosceles array angle, gamma.

The iuer-written subroutine "REDUCE," called by program GNAMLC, is

documented and listed in Appendix M. All other subroutines called are

part of the G-20 digital computer system library. Information on these

library subroutines or on the G-20 Fortran-M language (in which all pro-

grams listed in this thesis are coded) may be obtained from the G-20

computing facility of this laboratory.
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s INPUT SrmURCF CARDS
$ EXECUTE
$ FOPTRAK

H NAME GNAMILCl
H EQUIP=PPINTE,CARDRE,CARDPU;
H SINGLEALLI
Cee* **
Co**.eTH~tS IR 4 r-ENERAL ISOSCELES INTERFEROMETER ARRAY AMBIGUITY LOCATING
C.'.*ePprGRAr. TNPUT DATA CONSISTS OF THE SPECIFIED AZIMUTH AND INCIDENCE
CP*.*#ANflLES (IN nEGREES)h THE ARRAY 8ASELINEs AND OPERATING WAVELENGTH (IN
C*'***.MFTERSIANr- THE ISOSCEI.ES ARRAY ANGLE (IN DEGREES). (SF10.5 FORMAT.)
Co**.*THIS PROGRAM LISTS ALL POSSIBLE AMBIGUITIES AS SEEN BY THE INTERFiiROMETER
C*****ARRAY. IT THEN PLOTS THEp~ ON A UNIT HEMISPERICAL PROJECTION.

DIMENSION TWRK(i000) .X(500) .Y(500)
PY=3.1 415926535898
TUP 1=2 . *P I

Do 999 IREoxt,3
READ 10, YALPHAXTHETA.D,XL AM8,DGAMMA
GAMMA:OGAMHA/DEG
TPDL=TIJP T l!/XLAMB
RXALPý-=XA LPA/DEG
RXTHET=YTHP-TA/DFG
SNTH=S INC RYTHET)

C*.**.USF AL~PHA TO DETERMINF UNAP~RIGUOUS INTERFEROMETER PH4ASES
PH T21 :TPfI .COS (RXALPH ) SNTl-
PHI13=-Tpni .cos(RXAI-PH-GAMdA )*SNTH
PHI 32:TPflI * (COS(CRXALPH-GAM'A ) -COS(CRXALPH) ).SNTH

c*****PEnUCF PHTIJS BY MULTIPLES OF 2 PI UNTIL BETWEEN - PI AND PI
CA! L PEflICFC(PHI21)
CAI.L RFD!CrP(PHI13)
CA! L P~flLJCPCPHI32)
DL:D/YL AtP

D)PH121n:flG.PH 121
DPH132znFlG*PHI132

10 FOPMAT(5ý1n.5)
PRINT 20.r.XLAMR,IlPH1?1 ,DPýIj3,VPHI32

20 FORMATC12HIRASELINF a ,F5.1#SX,14H WAVELENGTH: z F5.lm5X#9H PH121
Sm ,F7.P,5Y.9H- PH.113: mF7.2,5Y,9H PH.132: a F7.2)
PRINT ,lYAl-PHAYTHFTADGAP'MA

21 FORMATC//34H ACTUAL DIRECTION OF ARRIVAL ..,..... XDOCHAZIMUTH
5F7 2,FY.12WINCIDENCF = #F7.2,4X,SHGAMMA v OF7.2,///)
TpnL:TIIP I .f/XLAMB
N~fl/XL AMW,1
MzON.1
JCOUNT=O

C**.*O8Fr;IN VAWYiNG PH.121 AND PH13i BY OR - 2 PI
DO 40 M21=1 om
N21 uM2l -N-i
TPH121=P:Pj+~1TUPI*N21
Do 40P?=I.M
N 3 2M ~p- I'- i
TpH1I32=PH I7.eTUP I*N32
SmSOSTPHJ2¶**24TPH132**2*TFH121OTPHI32

co*.**RFjECT PHAqE AMRInUITY CCMINATIONS THAT YIELD IMAGINARY "INCIDENCE ANGLES
XNLJMl:TPHI,1.TPH132-TPH121eCOS(GAMMA)
X DFN I TPH Pt *5 INC GAMMA)
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REJECT UCOS XTN)*COS(XTN-GAPtMA)
CONOX=C0S( XTN)*.2.COS(XTN-GAMMA)..2
S0RT1:SORTcSMSO/(CONDX-REJECT))
IF(SORT1-TPDL) 30,40.40

C**..OIF TPI..121 AND TPH132 PASS THIS TEST, COMPUTE ALPb'A AND THETA
30 ALPHA=XTN

DALPHA&DEG*ALPHA
TNFT A A SIN( SORT1/TPDL )
D T ET A=THETA *DEG
STHNS!N(THFTA)
J COUNT J (:0 INT. 1
Y (,ICOLhlT ):r!OS (ALPHA )*STH#3 .5
XCJCOLMtT) :qIN(ALPHA)*STH.3.5
PRINT j1.JrOUNT,N21pN32,DALPHA,DTHETA

31 FORMATCI5H AMBIGUITY NO* ,14*3X#l1HPHI21+2 PIO,13#3X,
S1IHPHI3?+2 PI*,13,3X,9H ALPHA: =F7.2,3X,8HTNETA 9 JF7.2)

40 CONTINUEF
CALL PLnTS( IWRK,1000,150.,11.)

C.**.*SHIFT ORIGIN (ASSUMINrl PEN STARTED IN LOWER RIGHT) TO CENTER OF PIGE
CALL PI OT(4.,5.#.3)

C*****DRAW X.Y AXES
CALL PLOT(fl.,-3.5,3)
CALL PIOTCC..3.5,2)
CALL FLOT(-3.5.0.,3)
CAlL PLOlT( .5*0 .,2)

C**..*DRAW LNIT -IRCLE (PROJECTICN OF ERICS UNIT HEMISPHERE)
CALL 'VI T(I.5.01.,3)
W z 0.
Do 200 J:1.151
A=COS5( wi) *3.5
P=SIN(W)*3.5
CALL Pil0'(A,4,2)

200 Nw'wTLPt/1'11.
TENIRAfl:1 (./D
EITQD=-80./DEG
DGAZ=rJ.
RAnAZ=O.

C*****CAI IBRATt "NIT CIRCLE IN DEGREES AS ON A COMPASS (DRAW AZIMUTI-AL SCALE).
DO 201 T!NC=1,18
DGAZMZ-Dr,A7
C=COSCRA0A7 )3.35
D:SIN(RAI:A7 )*3.5
CALL SYMPO' (rl,C,.07,4,nGAZt',-1)
C=:1 *r

D=1.O2*D
CALL NliMFP(U,C,.07,DGAZ,DCGAZM,1)

201 RAr)AZ=PADA7+TUPI/j8.
THFTA=FIlRr

C*****DRAW SIN0-J;rl'TALLY SPACFD TICK MARKS ON X..Y AXES, INDICATING INCIDtNCb
C***.*ANcLES (in. 'OEGREF INTFRVALS)

Do 203 ll'T~t,17
STM:SINCTHpTA)*3.5
CALL zympnll(STH,.*..0'7,4#0.,-l)

203 THFTAzTI4F.YITENRAfl
TmFTA=E ITRI'
Do 204 1('T=1..17
ST U.S IN' TUFT A) *3 *5
CALL FYMROI (0,,STw, .07,4,90.,-i)
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204 THETAxTHeTA+TENRAD
C.***.PLnT AMRIGUITIES

202 CAL L SYMBOI (XCLOOPbYCLOOP),.08.5.0.,-I)
C.***.*DRAW IN SYSTEM PARAMETFRS CN PLOT

CALL SYMROI C-I.25,-4.253,.14,1.4HARRAY ANGLE U 0.,14)
CALL t,,imRFrp( .7,-4.25. .14,DDGAMMAO. .2)
CAIL Svt4POlt-.4,3.8,.21,5HhORTHo,0..5)
CALL SYmHfl' -2.5*5.*.21,930I-UrIT HEMISPHERE AMBIGUITY PLOT,C.,30)
CALLSYmR?01C-3.6,4.5D.14,1II'D/LAMBO)A .4)
CAl LNUIMBF.:-2.,4.5,.14,DLo.O.2)
CALLSYmBo' (-.88,4.5,.14,10l..AZ!mUTH s .O.1.0)
CALL KIJM~rFP( .5,4.5,.14#XALPHA,0.,2)
CALL SYMROI C 1.9,4.5,.14,I2HINCIDENCE a po0,40)
CALL rKUMPEP( 3.3,4.5, ,14*XTHETA#0.,2)

C.....t'OVE PFN Tn NEW STARTING PCSITION FOR NEW PLOT TO BE INITIATED
CALL PLOT(q.,-5.,-3)

999 CONTINUE
CALL EYIT

E ivr
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UNIT HEMISPHERE RMBIGlJITT PLOT 108

0/LAMBDA = 3.00 AZIMUTH = 20.00 INCIOENCE 25.00

NORTH
0,10

I

10J
aa

0108

0.0

Figure C-1. Hemispherical Projection Plot (y10
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UNIT HEMISPHERE RMBiGUIT" PLOT

D/LRMBOR = 3.00 RZIMUTH = 20.00 INCIDENCE 25.00

NORTH
0.0

\0

x Xi

0.

i-* *

ARRfAY RNGLE 30.00j-- Figure C-2. Hemispherical Projection Plot (y 300)

r ,
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UNIT HEMISPHERE RMBIGUITY PLOT

[/LRMBDR = 3.00 RZIMUTH = 20.00 INCIDENCE 25.00

NORTH
0.0

I'IQ

RRRRT ANGLE 4 5.00
SFigure C-3. Hemispherical Projection Plot (y --45 ) 0•

f 1
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F UNI HEMISPHERE RMBIGUIT'r PLOT
O/LRMBOA 3..00 AZ IMUTH = 20.00 INCIDENCE 25. 0 0

NORTH

C0.

low!

A~RAT ANGLE = 60.00
Fig~re C-4. Hemispherical Projection Plot (y 600)
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UNIT HEMISPHERE RMBIGUITY PLOT

OLRMBOR = 3.00 RZIMUTH 20.00 INCIDENCE 2E.O0

NORTH

i0

x x 3 4

0.-1X
-NA x RN G 9 .00

F C

N N N N

I_______
0

0'Q

FUI RGE= 00
C'k

Figur N-.Heip rca Poeton Plo Ny=9°

0*%-l
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APPENDIX D

The limitations of an approximate azimuth direction ambiguity reso-

lution system are studied in this appendix. The significance of the

results contained herein is explained in Chapter V.

The program listing is included. All user-written subroutines

called are listed in Appendix M.

I
Ir

S- i •I a i m i • - e - G : • '
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5 INPUT SOURCIF CARDS

S EXErcUTE
S FORTRAK

H NAME AMBPLTJiiH EOuIIP=CAwR~PE,PRINTEPCARDPU;
H SINGLEALt:

C.***.OTHIS IS AN AMBIGUITY CHOOSING PROGRAM. FROM ALL POSSIBLE AMBIGUITIES
Co*..*IT CHCOSFS AND COUNTS ALL AMBIGUITIES WITI-IN A SPECIFIED AZIMUTHAL SECTOR
C.....OF ARRIVAL. IT THPIN PIOTS THE NUMBER OF AMBIGUITIES FOUND WITHIN THIS

C***#OCFRTAhU' 101 RANCE VS D/LAMEDA. ALL PROGRAM PARAMETERiS ARE VARIbc
C*****INTERKALLY. HENCE THERrP IS NO INPOT DATA REQUIRED OTHER THAN SOME
C****.AL-PHANIIMFRTC, LASEl LING INFCRMATION.

DIMENSION IARELl(ll),LA8EL2(il)
J ~DIMENSION NIAP(15,20),OTHETA (500),OALPHA(500)

NTFST~n
P1:3.1415926535898
TUpl=2.*PI

SopH=SoRT(1 .5)
HE-AD I.LABFLI,LABFL2

I FORMATIilAl)
XTHETA=15.
CAI PHA=0.
Do 101 ITHFTAx2,6
Do 100 IALPHAX1D16

C*****COMPUTF AMAIGUOUS INTPRF PI.ASES FROM XALPHA# XTHETA
RYALPI-2YAI PHA/DFG
RXTHETnXTHPTA/DEG
SNTH=S!N(RXTHET)

C.***.*SFT UP LOOP TO VARY D/I AMHEA FROM 1 To 6 IN INCREMENTS OF 1/3
`;,666666A6667

13 i 60 t~~ z1 16
14 DLLDLe.33333333733333

Tp,'L-T1'P i
C*'eý**USF: Al DHA 70 DETERMINIF INTFRFEROmETER PHASES (UNAMBI:GUOUS)

Pm 121=,rP-,t,*COSCRXALIPH)*SNTI6-
PHI13:TPIIL.COS(RXALPH-p.*TLPI /3. )*SNTH
PHI32zrP131 *COSCRXALPH-TUPI/3. )*SNTH

C.....REPUCE PH-IiJS By MULTIPLES OF 2 PI UNTIL BETWEEN -P1 AND P I
CALL RFnUCP(PH121)
CA!L PFI)Ur'F(PH113i
CAIlL RFDo(',F(PH132)
DPHI2PI:PRIODES
DPHI13zPH113*DEG
DPH132=PH172*DEG

21 TPDLF-=rTPhL..2)*.75

JCOUNT=O
Co*.*..EGIN VARYING PH121 AND PH132 BY *OR -2 PI

Dn 40 m21:id'
N2lzM2 i-N-i
TPwI2l=PHIPI*TUPI .N21.
DO 40 M3?zl,m
N 3?: H32-v-i
7PHI32=PHT32+TUPI *N32
SMSQ=TPH Jv1*O2,TPH132**2,T~HI21#TPH1

32



C~oot*THRow OUT IF ~THE PROPOSED COMBINATION OF PH121 AND PH132 115
Coo*** OES NOT YIELD SIN THETA a OR LESS THAN I

IF cTPDLH-S'4SQ )40,D30. 30I C*#***lF(PHI2I AND P14132 PASS THIS TEST !GMPUTE ALPHA AND THETA
30 ARG1E*2..TPH!i32+TPHI21

ARG2s1 *732n51.TPH 121
ALPHA=ATANp( ARGIDARG2)
STHxSCRT (2.*MQ/TDSGH
i3COUNT gJfl tLiNT *1
DALPHA Cj(;nilNT UDEG*ALPHA
DTHETAfJCO(INT)mDEG*ASIN(ST,.)I40 CONTINUE

C*****SET UP LOOP WHICH VARIES ERRTOL FROM 0 TO OR - 10 DEGREES OF XAL.PHA
C...*.ERPTOL IS N-OT SET PRECISELY EQUAL TO ZERO DUE TO PROBLEMS WITH
C*#*.OCOMPUTPR RnUNDOFF ERROR. iPOWEVER IT IS ESSENTIALLY ZERO
41 ERRTOLz.0049

DO 60 I OOP21,11
C.***..COIJNT NUMRFR OF AMBIGUITIES THAT LIE WITHIN *OR -ERRTOL OF THE TRUE AZ

S NUHAM a 0
A DO 49 NL:1.JCOUNT

IF(DALPHA(CNL)-XALPH.ý-ERRTOL)42,42,46
42 IF(DALPHAUL)-XALPHA.ERRTOL)44,43,43
43 NUMAM2NUMA?4.1

GO TO 49
44 IF(XALPHA+FRRTOL-360*)49#43#45
45 IFeXALPHA-360,.ERRTOL-nALPI.A(NL))49.43,43
46 IFCXALPHA-PRRTOL)47,47,49
47 IF(XALPHA.160.-ERRTOL-flALPI.A(NL))43.43,49
49 CONTINUE
C*****SAVE KUMAM IN PROPE&R LOCATION OF MAP ARRAY

LP=12-i OOP
MAP(LP.NPI ):NUMAM

60 ERRTDLxERPTOL+.1
C*e***MAP NCw cONTAINS OUTPUT INFORMATION
72 IF(NTEqT)79,74o75
74 PRINT 73
73 FORMATf1H1)

NTFST:1
Go TO 76

75 NTFST=0
76 CONTINUE
69 PRINT 61,XALPHAXTHETA
61 FORMAT(JH .////,108H CHART OF THE NUMBER OF AMBIGUITIES THAT FALL

SWITHIK A CPRTAIN PROXIMITY (# OR - ERROR) OF A GIVEN AZIMUTH,
S//,.41X,IOPAZIMUTH 2 F7.2,8H DEGREES#/&40X,12HINCIDENCE a *F7,2,
S8H DEGREES.//)

DO 62 1:1,11
KOUNT2I1- I

62 PRINT 63.LABEL1(I),'ARFL2(1).KOUNT, (MAP(IJb*JU1,16)
63 FORMAT(1H .Al,2X,AI,4X,l12.3X,1616)

PRINT 64
64 FORMAT(// .17XD96H 1.00 1.33 1.67 2.00 2.33 2.67 3.00 3.33

S 3.67 4.O0 4.33 4.67 5.00 5.33 5.67 6.00 *//45X,19HBASE
$LINE/WAiVELFNGTH)

XAi PHA:XAt.P-HA.22.
100 CONTINUE

XTHETAzXTHPTA+i5.
XAi PHAz0.

101 CONTINUE
CAlL EXIT

END

# - ERROkr ~IN DEGREES
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3 EXECUTE 119

s INPUT PROGRAM TAPE,CDDUP

s INPUT SOURCE CARDS
S EXECUTE
S FORTRAN
H NAME AMBPLTS (MODIFIED VERSION)
H k~tuIP=ýARDPE,PRINTE,CARDPU;
H SINGLEALLI

C****#THIS PROcPaM HAS REEN MODIFIED TO TEST AN AMBIGUITY REJECTION
C*.**.CRITERTON OASSD ON A KNOWLeDGE OF TH4E APPROXIMATE AZIMUTH (TEN DEGREE
C**..*Toi ERANC ) . . . . . . .. ........

C**.**THIS IS AN AMBIGUITY CHOOSING PROGRAM. FROM ALL POSSIBLE AMBIGUITIES
C**.**IT CHCOSES AND COUNTS ALL AMBIGUITIES WITHIN A SPECIFIED AZIMUTHAL SECTOR
C*..**0F ARRIVAL. IT THEN PLOTS THE NUMBER OF AMBIGUITIES FOUND WITHIN THIS
C**.**CFRTAIN TflIERANCE VS D/LAMPDA. ALL PROGRAM PARAMETERS ARE VARIED
C*****INTERNALI Y. EXCEPT SOME ALPHANUMERIC LABELLING INFORMTION AND THE ACTUAL
C****DoDa (IN 2F10.5 FORMAT)

DIMENSTON IABEL1(11),LABEL2(11),CALPHA(200u16):1 ~DIMENSION MAP(i5,20 ) ,fTHETA (500 ),DALPHA(500)
PI,3.1415926535898
TUpl=2..PI
DEntIeol/PI
SORHuSORT(1 .5)
READ I.LABFLI,LASEL2

I. FORMATel1AI)
READ 10,XAI PHADXTHETA

10 FORMAT(2V~n.5)

C*****SFT UP RI-JPCTION CRITERIA FOR AMBIGUITIES BY ESTABLISHING MAX AND MIN
C**.**LIMITS ON PHIIJS, BASED ON APPROX AZIMUTH INFO. (ACTUALLY APPROX AZIMUTH
C*****OFF FR(MM TRUE AZIMUTH OY 9 DEGREES) THE LIMITS ARE CHOSEN BY RANGE ROUTIN
C*.*.*ASSUMING APPROX AZ IS OFF EY + OR - 10 DEGREES

AZ=XALPHA+Q .9
CAiL RANGE(AZ,0.,FIMX2lmFIP~N21)
CALL RANGE(AZ,120. ,FIMX32,FIMN32)
CALL RANGE(AZ,240. ,FINX13,FIMNi3)

C*.**.COHPUTE AMPIGUOUS INTERF PI-ASES FROM XALPHA* XTHETA
RXALPI~.sXAL PHA/DEG
RXTHETuXTHFTA/DEG
SNTH2SIN(RxTw.ET)
IGU IT~n

C*....INITIAI IZE MAP BY SETTING PtAP(I,,J)90
DO 11 INIT=1,11
DO 11 JNIT=1,16
MAP(IKIT,jNIT)=0

11 CONTINUE
C**..*SET UP LOOP TO VARY D/LAMBCA FROM I TO 6 IN INCREMENJTS OF 1/3

DL:. 66 AA1'ý66667
13 Do 60 N'ti, 1 .16

IF IQUtT)4A,14#48
14 DLeDL+.333~33333333333

TPDL=TUP I~
C.....USF ALPHA TO DETERMINE INTERFEROMETER PHASES (UNAMBIGUOUS)

PHI 21:TPOIL*COS(RXALPH)*SNTI-
PHI 13=TPflL.COSCRXALPH-2 . TLPI /3)* )SNTH



PH132:rPflL .COS(RXALPH-TUPT,3. )*SNTH 120
Co**.*REDUCF PHIIJS BY MULTIPLES OF PT iiNTIL 8ETWE~iN -P1 AND *PT

CAI L RFnIJCF(PHI21)
CALL RMDLCF(PH113)
CALL REDLJCF(PH132)
F TP1MXr~tP)I *FIMX21
F i~lMK=TPDI .FIMN21
Fl,12MX=TPp' *FTMX32
FI32MK=TPflI *FIMN32

4 ~FT13MX:TPflI FIMX13
FT13MN:TPnl*VIMN13

DPHI121PHI13.DEG

DPH132=PHIr12DEG
IF(TPCL-5.r))21,21,99

99 PRINT 12
12 FORMAT(/////)
19 PRINT ;)0 i'L, XALPHAXTHETA,DPH121.,DPH113,DPH132
20 FORMATeIH n/LAMBDA =,F7.3,5X,IOHAZIMUTH x ,F7.2,5X,8HTHETA ,F7.2*/#37H

5.2,/,37H AMBIGUOUS INTFRFEROMFTER PH4ASES ARE.,5xs9H PW.121 3 F7.2*
SOX.9H PlHtI.; =F7.2,5X,9H4 PH.132. 9F7.2*///)

21 TPDLI-=(TPnL**2)*.75
N: DL e1
M=P*N.1
JCOUNT~n

C*.*.*BEGIN VARvING PH121 AND PHT32 BY + OR - 2 P1
DO 40 M21=1, m

N21s3M21-N-1
TPH12lxPHI 2l+TUPI*N21

DO 40 M32=1,m 2.P 3

SM9Q:TpN 121*0+P12**F11TH3
C**.*.THPOW nUl TF THE PROPOSEC COMBINATION OF PH121 AND PH.132
C..... nQFS NOT YIHI.D SIN THETA vOH LESS THAN 1

1F(TPPI H-SMSQ)40,30,30
C.**..IFcPH!21 AND PH132 PASS THIS TEST COMPUTE ALPHA ANV THETA
30 ARflj:?.*lPH-J32+TPH121

ARG2:1 .73?n5l*TPHt2l
At PHA=ATANP(ARGjARG2)
STHzSCPT(2.*SMSO)/(TPDL .SGFH)
JrOUNT :JC~t'NI .
DAIPHAfJ Ol'NT)=DE(GALPHA
tVTHETA(jcntk4 T)=DEG*ASTN(STI-)

IF (F12i M>-TPHI12)997. 980. 9e0
980 IF CTPi- 121 -r I21M)997,981. 9e1
981 IF eFl3pMX-TPHI3?)997, 982,9e2
982 IF(TPi-T3P-cl32MN)997,q83,983
983 IF (F I13MX-TPHI 13)997,984.9E4
984 lFeTP;-yl3-;I13MN)997#985,,9e5
985 XMARK=4H

CALPHA(J( (,'NTNDL)=:DALPHAC.COUNT)
Ge TO 999

997 CALPHA(J101ON!,NDL)=180..XALPHA

IF cTPr, -5.5)40,40.999
999 PRITNT 31, ."'OUNT, N21, N3?D CAL PHA (JCOUNT) ,DTi-ETA(CJC(UNT) ,XMARK

31 FCPMAT(15H AMBIGUITY NO. ,t4*3X,IIHPH121+2 P1*,13.3X,
S 11P13?'PI.,l3,3X,9H AL.PHA x F7.2,3x,8HTHETA ,F7.2.A4)



40 CONTINUE 121
C*0**.SET UP LOOP WHICH VARIES ERRTOL FROM 0 TO 0 OR *10 DiGREES OF XALPHA

GO TO 41.
48 DO 4000 ICTc1.JCOUNT
480 DAIPHAIICT)UCALPHA(ICTNDL)
41 ERRTOL2.0049

Do 60 loopt-~I'l
C*.***COUNT NUMBFR OF AMBIGUITIES THAT LIE 1WITHIN *OR *ERRTOL OF THE TRUE AZ

NUMAM v
DO 49 NL=1.JCOUNT
IF(DALPHA(NL)-XALPHA-ERRTOi. 42,42.46

42 IF(DALPHA(NL)-XALPHA.FRRTOL)44,43,43
43 NUMAM:NUMAM.1

Go TO 49
44 IF(XALPHA+FRRTOL-360.)49,45,45
45 IF(XALPHA-366...ERRTOL-DALPI..A(NL) )49D43,43
46 IF(XALPHA-FRRTOL)47#47.49
47 IF(XALPHA.*360,-ERRTOL-DALPI.A(NL) )43.43.49
49 CONTINIiE
C*****SAVE NIjMAM IN PROPER LOCATION OF MAP ARRAY

LP=12-LOOP
MAP(LP.N[I)[SNUMAM

60 ERRTOL=ERRTOLi.e.
C**.*OMAP NCw CONTAINS OUTPUT INFORMATION

IFc IOUIT)6q,68,69
68 PRINT r MIUIISFR H9IVNRD
59 FORMAT(JHI./////,,±04H (ALL POSSIBLE ABGIISFRTEGVNRD

SCED SET OF INTERFFROMFTER PHASE ANGLES BETWEEN -PI AND P1) /I
69 PRINT 61.YALPHA,XTHETA
61 FORMAT1IH .////,i08H CHART OF THE NUMBER CF AMBIGUITIES THAT FALL

SWITHIN A CFRTAIN PROXIMITY (* OR - ERROR) OF A GIVEN AZIMUTH
S///,41yD10HAZIMUTH = F7.2.8H DEGREESD/p4OXDI2HINCIOENCE DF7.2,
$8H DEGREFS.//)
DO 62 1=1,11
KOUNT=1 1-!

6? PRINT 63.LABEL1(I ),LARFL2(I ),KOUNT,(MAP(I,.J),J:1,16)
63 FORMAT(JH .A1,2X#Aj,4X, 12,3Xv1616)

PRINT 64
64 FORMAT(// .17X,96H 1.00 1.33 1.67 2.00 2.33 2.67 3.00 3.33

S 3.67 4.00 4.33 4.67 5.00 5.33 5.67 6.00 ,//45X,19HBASP
SLINE/b6Av-LPNGTH)
Ie lOUIT )66.67,66

67 PRINT 65
65 FORMAT(1HI.//,4X,100H (ALL AMRIGUITIES THAT REMAIN AFTER CONSIDERI

SNG RESTRICTIONS THE APPROX AZIMUTH PUTS ON THE PIHIJS) */,34X,
S4 1H (REJI-CTEI) VALUES ARE STARRED ON LISTING)
IOU IT=?
Go TO 13

66 CONTI~uE
CAIL Eyll
END

* -ERROR

IN DEGREES
330. 75.
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APPENDIX E

Tais appendix demonstrates the apparent equivalence of phase ambi-

guity resolution and direction ambiguity resolution ir. a small/large

baseline interferometer system, as outlined in Chapter V. The case of a

signal arriving from directly overhead and an array with a D/X value of

2 was chosen. (See plot E-1.) Various approximate directions of arrival

were chosen. They were defined in terms of their Cartesian coordinates

on plot E-1. (The approximate DOA's are labelled as (X approx Y approx)

on the computer output that follows.) Next, the interferometer phases

that corresponded to these approximate DOA's were computed. These

"a:.proximate" phases were used to perform a phase ambiguity resolution.

The phase ambiguity resolved phases were then used to compute the indi-

cated (phase ambiguity resolved) DOA. This DOA is denoted by the point

(Xphase, Yphase) as would be plotted on the unit hemispherical projec-

tion. (See plot E-1.) Similarly, a direction ambiguity resolution was

performed using the approximate DOA information as outlined in Chapter

V. The results of this process are indicated by the point (Xd±r, Ydir)

as would be plotted on the unit hemispherical projection.

It can be seen from the computer output that both methods generally

obtain identical results depending on the location that is "chosen" as

the approximate DOA. if it is assumed that the point (0, 0) is the

actual DOA, it is evident that the approximate DOA must be chosen fairly

close to this point for the two processes to succeed. At times one

method fails while the other one succeeds. This discrepancy is attri-

buted to roundoff error in the digital computer.
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UNIT HEMISPHERE RMBIGUITr PLOT
D/LRMBDR = 2.00 AZIMUTH = 0.00 INCIDENCE 0.00

NORTH

a 01

(-.288, .5) (.28, .5)
• I* . . . . . . .0 . .

* .. . . . .

- o) .(0 8, .

0.0

* .o.•.•. . . . . .

(-.57,, -0).28 ,(.5 7,0

ap ro im t DOA'sX - direction a(.biguities

ARfRYA ANGLE = 60.00 ®-"true" DOA
Figure E-1. Location of the Approximate DOA's Specified in the

Comparison Study of Appendix E
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s INP'.T SrIURCF CARDS
s EXECUTE
s FORTRAN
H NAME RESCMPJ
H EOUjIPrrARDPE,PRINTE,CARDPUJ

C*****TH'IS PPOGRAM SIMULATES BOTI- PHASE AND DIRECTION AMBIGUITY RESOLUTION IN A

C**.*#SHat.L/ ANGf- BASELINE (SYMMETRIC ARRAY) INTERFEROMETER SYSTEM. IT USES

C*.**.DOIIBLF PRFrISION VE3RSIONS CF THE REDUCE (CALLED REDUCO) AND CHOS (CALLED

C**u**CmflD) CURRflUTINES OF APPENrix M. THE FIRST PORTION OF THE PGM DEIERMINES

C* *.*THF LCr~AT~rNt OF TH1r AMBIGUITIES FROM THE SPECIFIED INPUT PARAMETERS

C*4***(A71MUTH- INCIDENCE, A~RRAY BASELINEP AND W.AVELENGTH, IN 4F1.O.5 FORMAT.)

C*e***ODN THE RASIS OF A GIVEN APPROXIMATE DOA#W. HICH IS AUTOMATICALLY VARIED BY

C*****TpF PROGRArA.

C*****THE SECOND PORTION PERFORMS THE PHASE AND DIRECTION AMBIGUITY RFESOLUTION

C***e
DIMENSION Y(500)#YC500)
PT =3 * 41.5926535898
TUPI=2 *PI
DEnzieo0. /Pi

SQPH=S0RlI(1.*5)
SoRT3=SQRT(3.)
READ io. XALPHA#XTHETA,D,XLAM8
TpnL=TLIJP I*['/XLAMB

ci RXALPI:=XALPHA/DEG
FX T1PET X T HPT A/DE G

SNTH=S IN( RYTHET)
C*****USr- Al.PHA TO DETERMINE UNAIPRIGUOUS INTERFEROMEIER P4ASES

PHT2j=TPI~t*COS(RXALPH)*ShTý
PNI4I 3=TPI)L#COS(RXAIPH-p.TLPI/3.)*SNTH
Pp1l32=TPI1I .CCS(RXALPH-TUPI/3.)*SNTH

C*0#..REnUCE PH-41JS BY MULTIPLES AF 2 PI UNTIL W~WEbN -P1 AND *PI

CALL RFDu.nPHiI?)
CALL REDU(:I'(PH1l3)
CALL REnflhrv(FH1A2)
D1 =D/YI AMPt

DPH121=nFlG*Pý121
DPH132zflý-G*PH132

10 FOPMAT(4010.5)
PRINT PO.fl.XLAMB,flPH12¶ .EPI-113,DPHI1

3 2

20 FORMATt1?w RASELINE mmF5,1,SX,14H WAVELENGTH ,F5.l,5X,9H PH121

5= ,F7.2,5x.9H PH113 zF7.2#5X,9H Pln132 = F7.2)

PRINT ,1.X,X'PHAXTHETA
?1 FORMATe//34H ACTUAL DIRECTION OF ARRIVAL ....... 8X,10HAZIMUTH

SF7 .2peY, 1?i-! NCI DENCE = F7 .2.//i)
TPriL=TtiPI .r/XLAHB
TPDLH=CTPDI u'2)*.75
N=Dl/XL AMH.1

JCOUNT=G
C***.*HF(rIN VtARYING PH121 AND PH13I. By O R -2 PI

Do 40 m2l~1 ,m

DOn 4O?*QzI.M
N3pzM:32-N-i
TPHI 32=P- i 2+TUP I N32

-1SHmqozpN 4I4I2.+TPWI32I*2+TFH121*TPHI3
2



C*4i***THROW nUT IF THE PROPOSED COMBINATION OF PH121 AND PH132 133
Cooo*.DO NOT VIFI D SIN(THETA) a CR LESS THAN I

IFCTPDLH-SMSQ)40,30#30
C*****IF(PHIIj AND PH132 PASS THIS TEST COMPUTE ALPiIA AND THETA
30 ARtnlu2.*TPH132+TPH121

ARG2aSGRT3 .TPH 12i
ALpHA=ATANP( ARGi, ARG2)
DALPHAuDEG*ALPHA
STIUSCRT(C2..SMSO) /( TPDLOSQRH)
DTHETA uDEG* AS INC TH)
JCOUNT&JCOIINT~i
Y CJCOLNT )troS(ALPHA )*STH*3 .5
X(JCOLNT )=SIN(ALPHA )*STH*3.5
PRINT 31.,JfOUNT,N21,N32,DALPHA,DTHETA

31 FORMAT(15H AMBIGUITY NO. *14#3XllHPHI21+2 PIO,13*3X,
SIIHPH132+2 PI*,I3,3X,9H ALPHA a #F7#2,3X,eHTHETA x *47.23

40 CONTINUE
Do 210 J=i,JCOUNT

C*00**BEGIN lOOKING AT THE THREE DIMENSIONAL DISTANCE FROM APPROX DOA
Co4*.*(XAPRCY, YAPROX) TO EACH AVBIGUOUS DOA..

XCJ)=XcJ)/3.5
210 V(J)=Y(J)/3.5
C****.DE-SCAI F AROVE PLOT DATA -- REDUCE TO UNIT HEMISPHERE PLOT

PRINT 300

300 FORMAT(//tWI,9X,5HXAPRX,1OoXHYAPRX,1OX,3HXPH,12X,3L4YPH,12X,

Do 500 ICNTu1,11
XAPROX=XAPPOX+.i
YAPRO)C:.6
Do 500 JCNTM1,l1
YAPROXcYAPROX-. 1

C*4***COmPUTE PHASES FROM SIMPLIFIED HEMISPHERE PROJECTION EQUATIONS
* ~C*****CSOLV~fl SIMUJLTANEOUSLY FCR PH132,PH121.)

P3?APXgTUP1 .CSQRT3*XAPROX-YAPROX)
PPI APXc2..TUPI*YAPROX

C**.***PFRFORM PH&SE AMBIGUITY RESOLUTION
CAiL CH~f)CPH132*P32APX.UKA1032)
CAL.L CHOfCPHI21,P?lAPX.UKAP.2i)

C*.***XPH A~n YPH ARE THF PHASE AMBIGUITY RESOLVED COORDS OF THE DOA, AS PLOTTED
C*e*.*ON THE HF-W"SPHERICAL PRO.JECTION PLOT.

XPH:CP.*flNAM32.UNAM21)/C2..SQRT3.TUPI)
YPW = UNAM91/(2.#TUPI)

C*4*4*ComPUTF 7 oRDINATF OF APPRCX DOA ON UNIT H.EM. FF THE PROJECTION COORDS Xo
C*o**Y

ZAPROX:S(URT(1 .-XAPROX**2..YAPROXS*2)
Do 420 J=I.JCOUNT
ARna.3.-X(J)**2-Y(J)**2
IF CARG )405. 4059406

406 ZZ=SQZT(ARf()
GO TO 407

405 ZZ=0.
407 CONTINUE

DTST:CxCJ)-XAPROX)*.2,(YCJ)-YAPROX)**2.(ZZ-ZAPROX)*.2
C**.*.CnMPUTP SOL'ARED DIST OF CXAPROXYAPROX) To EACH AMUIGUITY, AND
C..*.*HENCE FTNn WHICH AMBIGUITY IS CLOSEST TO IT,

IF(DIST-flMYN)410*410#429
410 DMIN:CIS1

I'CATCI-=.l



J420 CONTINUE 
134C**%**JCATCi. IS THe NUNRER OF THE CLOSEST AMBIGUITY TO (XAPROXDyAPROX) AND)C****.JR THL9 CHO~SEN AS THE TRUE DOA.

XPTR2X(J('ATCH)

PRINT 430* YAPROXYAPRO' *XPI.DYPH.XDIRYDIR

ENDl
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YAPRX XrPH YPH XV IR I'DIR
-0 C500 ) -0 .28868 0.50000 0-0.28868 0.500000.40noo .0.P8868 0.50000 "0.288680.Oo-0.500)0&Joo 0.86 0.50000 -0.28868 0.50000-fl.Soono 0.2000 -573 0.500000 10.28868,000-05on0.1a00o -0.57735 0.00000 "0.57735 0.500000-05nn0.60noo -0.57735 0.00000 'U.57735 0.00000-0.oo~ -~1q~~I -0.57735 0.00000 5350.00000

-A.5nonu ~ -. na -0.57735 0.00000 :0.57735 0.00000-ý.50nov -fl.4nnoo -0.86603 -0.50000 "0.28868 -~ oo-A5nn-0.4 0nno -a28-.000- 86 -0.50000-02868 -0.50000 .0280 -0.50000-n.400 Ua0 S o o 0 2 8 8 . 0 0 -0 .288680. 0 0-0.4n0~ 0.4oooo -0-288050000 -0.28868 -0.50000-n.4 onno) 0. 30o eo - . 8 68 0.50000 .0 . 8 60 50 0-~.~flo68 
1.~ O- . 7 3 . 0 0 0.500000-0 4 n o0-30000 

-l: 5o o 0o0.56 68004001) n 1) (7 -0.28835 0.0000 77.88 5 0.500000-n.~nn~ - 20?onf : 0.:57735 0.000:00 - . 7 3 . 0 00.04n00i 0.00000 -0-57735 .o o-0 4n o 773 0. 8 60.500000-0.28868 -. 00000 1 0.572 100-n 4 n-n0.57735 -0.50000- 0.400un -fl.2no (, , V 0.0 060 -0. 500000 - 868 57735o . S f l o - .2 8 6 80 . 50 0 0 0 0- . 8 6 0 . 50 0 0 0 0- 0 . 3 o o n 0 . 0 n 0 0 0 . 8 6 . 0 0 0 .2 8 8 6 8 0 .50 0 0 0 0-0 . On~ ni0 3fno -D .? 8 6 .5 0 0-88 68 6 -0 .5 0 0 0 0- O . 3 o o n .2 o op o n , - .5 7 50 .5 0 0 0 0 0 -0 .2 8 8 6 80 . 0 0-- 30.3nO 0i. lo -0 .27735 -0.50000 0.000008 0D.000005. O o o 1 1 -0 5-2 8 8 6 8 _ _ _ 50 . 0 0 0-A. 30000 (14 o 0.86 :0.5000
-0~ o~ fl 2~ o .28868 0 0 00 r - . a 6-0.50 0-0. oo o -l. 0n0 ) -0. 8 6 -0. 50000 "0.288a68 -0.5 0 0

-0.on o- .3nnoo ~ 0D.288168 -0 50 00 -0. 28 868 - 50000-0.3m01f -05no .2888 -0.50000 0-028868 -0.50000-0.3 nqn-0.5 7350.00 00
0.288680.5000 028 6 0.5000

0.28868 0. 0 0 -0.288680 50 0
-0. 20db L'I'~ -n-57735 0 a o 0.00000 0. 50000

-0.20000jo 
.0000 0.0 0000 0000000

-0 20 0o-0.10, oo .0 0 00 0 0 00.00000 0 0 0 o-0 .23 n ' n -n -5 7 7 ,3 5 j l . p p l p p 0 0 0 0 0 .0 0 0 0 0 1
- n 0 ti iio 

, 
,i- 

L --f.0 n n ) - V. 3 on ( F -0D. o a8aC.0.500000 -0 .28868 - 05 0 00-'V.4nnoll -0.28868 -0.50000 -0.28868 -0.50000

-0.18868 -0.3oooo
-0.2~~0-0000 -05,~ 

-0.28868 -0.50000 02880500
-n.ot-@ .5nnoo 

-2880.50000 ~ 0.26868 -0.50000
-o~loooo .5nnoo -028B680500

3 r f -- 888 0,28868 -0,50000-D.?1 n a 0P n0 -0-28068 0.50000 - 0.2886B - 0 0-~ 2 . 1 ( I n o n 0 .~ l l 1 00 0 0A( 0 0 
0 .5 0 0 0 0U 0. 00 0000-0.1 0000.0 0(1 00 00000 0. 0 00 0 0 0000 0 0 0

.0 0 0 0020 000.000 0 .0 0 0 0 0
-0.1, 00l -P 1000000

- P . ~ p 0 0 . 8 8 8-0. 5 0 0 ~0 .2 8 8 6 8 -0 .5 0 0 0 0-0. 2nn 'In -0. 2oooo 0008 6 0.50000 0 0.20000.5 00LUO Aj 0.500000- 4. POr no n r:.3 0o no 0. t0000 -0 .20 0 8 .OO0
-ngpon-n5no -- 286 0.50000 00.00000
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o0.0000 0.20000 0.00000 0.00000 0.00000 0o.ooooo
P.- ,. oo 0.00000 0.00000 0.00000 0.00000

-0.00000 (.0oO 0 O000n 0.00000 00.00000 0,00000
-0.000o• -0.1000oo 0.00000 0.00000 0.00000 0.00000
-0.00000 -f'.20nO0 0.0000 0.00000 0.00000 00000. 0

-0.00000 -0.30noo -0.28868 -0,50000 0.00000 0.00000
_-n.aoono -0.40000 -0.28868 -0.50000 0.28868 -0.50000
-0.00000 -O.Ao0OO -0.28868 -0,50000 -0.28868 -0.50000
0.100oo 0.50noo 0.28868 0.50000 0.28868 0.50000
0.10000 0.40no0 0.28868 0.50000 0.28868 0.50000
n.0onon V.30nO0 0.28868 0,5 ,0o0 0.28868 0.50000
0.10non 0,20noo 0.00000 0.00000 0.00000 0.000001
o.lonon 0.lonoo 0.00000 0.00000 0.00000 0.000001
0.1p00(, (:.(,pnoo 0.00000 0.00000 0.00000 0.00000I
0o.1nn, -P.10ooo 0.00000 0.00000 0o00000 0.00000
P.1ppon -0,2no0p n .nnnnniOflf 0.00000 O
-. 0onoo -0.30o00 -0.28868 -0.50000 0.28868 -0.50000
0.1o0on -0.40000 0.28868 -0.50000 0.28868 -0.50000
o.i0o00 -o.5np00 0.28868 -0.50000 0.28868 -0.50000
0.2o0o0 0.50ooo 0.28868 0.50000 0.28868 0.50000
0.20000 0. nooo 0.28868 0.50000 0.28368 0.50000
0.20000 0.30000o 0.2&058 0.50000 0.28868 0.50000
0 .?200n 0 A20I 0 , nn00000 0.00000 0 .000 00.00000
n.2@00o 0.10n00 .00000 0.00000 0.00000 0.00000n.20ono 0.-00noo ooo0 o.oooo0 0.00000 0.00000

0.2000o -20o.Ioo I 0. 0000 0.00000 0.00000 0.00000
0.200'C- -. 2 nn 00 073 pOOu 0.00000 0.000

n.2000n -n.30on00 0.28868 -0.50000 0.28868 -P.50000
0.2nnon -'.4o00on 0.28868 -0.50000 0.28868 -0,50000
n.2oo00 -n.50000 0.28868 -0.50000 0.28868 -0.50000
0.30r00 oi.S50oo 0.28868 0.50000 0.28868 0.50000
n 0.30000 0.40000 0.28868 0.50000 0.28868 0.50000
0.30000 o.30000 0.28868 0.50000 0.28868 0.50000
n.3onon n.20000 o.nooon 0.p00000 0.2886i 0.50000
0.3 o no00o 10 •00 0.Q.o0oo 0.00000 0. 0000 00000
0.3000D n.OOnOO 0.57735 0.00006 ..... 0 6OaOu a0.0u00
0.30n0n -0.100o0 0.57735 0.00000 0.00000 0.00000
0.300on -0.2nn00 0.57735 0.00000 0.28868 -0.500C0
0.30000 -('.30n00 0.28868 -0.50000 0.28868 -0.50000
0.3000n -ri.sonO0 0.28868 -0.50000 0.28868 -0.50000
n.3oo0n -11.50000 0.28868 -0.50000 0.28868 -0.50000
n.400010 0.o5nOO 0.28868 0.50000 0.28868 0.50000
0.40000 0.40000 0.28868 0.50000 0.28868 0.50000
0.40nO0 1.30nO0 0.28868 0.50000 0.28868 0.50000
0.400oon 1.20o00 0.00000 0.00000 0.57735 0.00000
0.40000 0.10n00 0.57735 0.00000 0.57735 0.00000
0.4ono0 O.OOnOo 0.57735 0.00000 0.57735 0.00000
0.40nO0 -n.10000 0.57735 0.00000 0,57735 0.00000
0.40000 -0.20no0 0.57735 V.00000 0,57735 0.00000
fl0.40niP -0.30n00 0.28868 -0.50000 0. 2 8868 -0.50000
n.40nO0 -0.40n00 0.28868 -0.50000 0.28868 -0.50000.- 0.5000 0.28868 -0.50000 0.28868 -0.50000

n.5snoo n.50noO 0.28868 0.50000 0.28868 0.50000
-n.srnon 0.40n00 0.28868 0.50000 0.28868 0.50000
So.5oon 0.30n00 0.86603 0.50000 0.28868 0.50000
n -. Spoon n.20n00 0.57735 0.00000 0.57735 0.00000
0n.Soo"n o.1nn00 0.57735 0.00000 0,57735 0,00000

.5on0s0fnn o.0OnOO 0.57735 0.00000 0.57755 0.00000
-l.5fO0n -(1.10000 0.57735 0.00000 0.57735 0.00000
q.9nnno -1.20nO0 0.57735 0.00000 0.57735 0.00000

Sn.5nopn -0.30n00 0.28868 -0.50000 0.28868 -0.50000
rf.rfn:fn - l.fnnnn 0.28868 -0.50000 0,28868 -0.50000

s w.ronf -0.50500 0.28868 -0.50000 0.2868 -0.50000
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APPENDIX F

This appendix •caled plots of interferometer phase variation under

wave interference conditions. The phases are plotted as a function of

ýd" The plots are centered about their average values (taken over one

period of phase variation). The interferometer phases that correspond

to the primary wave DOA are also displayed as PHI21P, PHI13P, and

PHI32P. The similarity of the primary wave phases and the averaged

interferometer phases should be noted.

The program listing is included. All user written subroutines

called in this program may be found listed in Appendix M.

.11

S. ...I . ..... , i ...



s INPUT SOURCE CARDS 138
s EXECUTE
s FORTRAN
H NAME INTPLT;
H EOUTP=CARDRE,PRINTECARDPUj
H SIN'GLFALL;
COO#**
C*****THTS PGM P1 OTS ALI THREE ISOSCELES INTERFEROMETER ARRAY PHASES
C***.*UNnER WAVE INTERFFRENCIF COKOX AS A FUNCTION OF TtE RELATIVE PHASE DIF-
C***.*FFPENCr HFTWEEN THE INTERFERING WAVES (PHiD). ONE PERIOD OF PHASE
C*****VARIATIO61 IS PLOTTED. TI'E PGM IS SELF-SCALING. ANY SET OF PR1MA'qY,
C**.**SECONCARY, AND H VAt UFS CAN BE PLOTTED. INPUT REQUIRED CONSISTS OF THE
C*..**PRIMARY ANn SECONDARY AZIMLTH AND INCIDENCE ANGLES# (IN DEGREES), THE
C*****ARRAY ANGIF (IN DFGREr.S), AND THE 8ASELINE/WAVELE: RATIO. (IN 61710.5
C*****FCRMAT.)i

DIMENSION PH21(15O),PH13(15L,),PH32(15O), IBUF(7500),PHIDC15O)
PI:3 .14159P6535898
TUPl=2..Pl
DFG:180./pi
DO 200 LGNT=1,5

C*****ANGLES W~ ARRIVAL READ IN tFOREES, H MUST BE BETWEEN 0 AND I
RFAD IA, AL'IIP,THETPALPHS,THETS,H.DGAMMA,DL

10 FORMATe7Fin.3)
GAMML-OGAMP~A/DEG
PRINT 20 .LrNT,ALPHPALPHS,THETP,THETS,H

20 FORMAT(;O4IPUN NO. 1,I2//,24H PRI14ARY MODE AZIMUTI- = P16.2*15X#261- SE
SSF('ONCaRY MOCE AZIMUTH c #F6.2,/#26H PRIMARY MUDE INCIDENCE a iF6.2,13X,28
$2.13X,P8H SECONDARY MODE INCIDENCE = ,F6.2*//*3V1- AMPLITUDE OF SEC
SONDARY wAVp = F4.3,40H TIPES THE AMPLITUDE OF TI-E PRIMARY WAVE)
PRINT ,,)l O)GAMMA

21 FDRMAT(//'?gH ISOSCELES ARRAY ANGLE a JF6.2)
RAL PHP=ALPHP/DEG
RALPHS=AI PiS/DEG
RTHETP=THETP/DEG
RTHETS:THETS/DEG
PRINT 30,Dt

30 FORMATu///.23H BASFI INE/WAVELENGTH x ,F4.*2/)
CALL PRTPHT CRALPHP,RTHETP,rLPHIP21,PHIP13,PHIP32, GAMMA)
CALL FPTiPHf(RALPHs,RTHFTS,rL.PHIS21,PH1513,PHIS32, RAMMA)
DP'i=CFG.PH IP21
D013=CFG.PP 1P13
DP32=rFG*PHI-1P32
PHiDIF:-.o'i
SMF121=0.
SMF1I13:0.
SMF132=0.
DO 50 JCNT=1,126
PHIDIFtPk n IF+..05
PHID(.,CNT)=PHTDIF*5./TUPI
XI :ATAMP(R.SIN(PHTDIF), .1..-*COS(PHICIF))
PH121=tTAN?(STN(PHIP?¶j)+I-*S N( PHIDIF+PHIS21),COS(PHIP21).H.CO3(P,-4
SInPF+PwIS2I ))-Xl
CAiL FEDU(1-CPHI2I)
CAIL C'H3^S (PH12~,PHI~P21,7121)
PH!2j:= T?¶
PHI P312-PHI1P13
PH 1S31=-PH 1S13
PH131= ATAk 2(SINCPHIP31 ),H*SIN(PfilDIF.PHIS31),COSC(PHIP31)+H.COS(P-4

4i



SIDIF+PwIS31) )-Xi. 139
CALL RFDUCE(PHI31)

CALL CHOS (PH131PPH!P31,F131)

PH132mPH131 -PH121
PH4113: .PH 131

C*****SUM UP ALL INTERF PHASES TC CALCULATE AVG INTERF PHASES.
SMF T212SMF t2l+P14121
SMFI~I~uSMFT13+ePH113
SMF I ý2uSMF T32+PHI 32
DPHIDF :EG.PH ID IF
PH14pl.(.rNT )=PH 121.
PH~13(ýCNT)2Pk 113

I ~ ~PH32(.CNT)=PH 132 PAE

AVF!P21xSMFI21/126. ,06

75 I Pi-3C)=PHI 3 (1)8.05

85 CONTI 2,U 2

70 F132MX:PH3P(L)
75 II3M(PH13C1)-i3N8,05

Do 115 LI2,12

I***TF PLOT.-121L) 0 9,9
90 FT21MXCPH21CL)
95 1FI32MX=PH32(L) )0,0,O
10 Fl13MXZPHI3?(L)

15 IF(FI23MX-P1413(L) )10,ll0llS

110 F 113MXmPHj I(L)
115 CONTINUE

CALL FLOTSC IBUF,7500#100 .0l1.)
C*..**DRAW PH421 tAXFS

CALL PIOT(?.,6.8#-3)
I PNT:1
Go TO loo

116 CONTI~oE
C***..COMPUTF PH121 SCALE FACTOR ON BASIS OF MAX,, AVG#, AND MIN PHASE VALUES

DF2IMX=F 121NMX-AVF 121
DF21MN:AVF 121-F I21MN
IFCD F 21MX - nF 21MN) 117,117,118

117 D1F21=flF21P'N
Go TO 119

11e DIF2i:OF21MX
119 CONTINuE

SCA21=1 .14/fl F21
C.**.*SCALE AND PLOT PH421 VALUES

N 0



Do 120 ICNT21,126 140
XPI421:(PH21 C CNT)-AVV1,;'ýSC2
CALL PL OT(PHID( ICNT),XPH2i.N)

CALL SyM3Ol (-.8,1.32..14,51.PH!21.O..5)
XF71myanFG*F I21MX
XF13ME:Ot-G.FIj3MX
XF32MXzDEG*F132MX
XF?lMN=Dc-G*FI21MN
XF13M~tDFG*PFL3MN
XF32MN=W-G.FI32MN
r'F~lAVcDEG*AVF121
D)FI3AV=Df-G*AVF 113
DF32AV=flEG*AVF 132
SFPIAVcAVFT21.SCA21
SF21MY=F[21MX*SCA21-SF21AV
SFPIMN:F!?1MN*SCA21-SF21AV
CALL NUIMHFR(-.5,SF21MX, .10.XF2ZMXO.,1)
CAL.L S'MFH0I(0.,SF21MXs..105,t0.#-1)
CALL SYW 101(-.8,.15,.1,9HAVG PHI21,O..9)
CALL Nji r-(-5,.1O,DF2IAVo.,!)

4CALL KLJMNFPQ(-,5,SF2IMND .10.XF21MN,0.,1)
CALL SVMB0IC0.,SF2iMN,.jO,5,O..-l)

C.....DRAW PWT13 AXES
CALL PIOT(r..D-2.67,-3)
I PNT:2e
Go TO 300

125 CONTINuE
C*.***COMPUTF P1.413 SCAIE FACTOR BASED ON MAX, AVG, AND MIN PHASE VALUES.

DFi3MX: I 17MX-AVF 113
DF13mK=AVFTi13-F I13MN
IF( DFj3MX-flFl3MN )127, 127, 128

127 DIF13=DF13MN
GO TO 129

128 DIFi3=DF13Y'X
129 CONTINUE

C*u***SCALE AND PLOT P11113 VALUES
N:
DO 130 ICNT=1..126

= ~XPH13=ePH1I( ICNT)-AVF1I.3)*SCA13
CALL PLOT(PHID( ICNT),XPH13,N)

130 N:?
CAtL SYMHli (-.8,1.32,.14.51-PH113,O..,5)
SF13AVaAVF '13*SCA13
SF1 3MX=F I1kMX*SCA13-SFI3AV
SF13HN:F II ;MNcSCAj3-SF1 3AV
CAiL NlIMQF-P(-.5,,SF13MX%.:10,XF13MX,Do.,)
CAlL 5Mfl0.F~X.05O,1
CAlL SYMH.4O(--.R.15#.1.9HAVG PH113,O.,9)
CALL NUlMHFP(-.5,O., .l0.DF13AVS.,t)
CAL.L N~UMRFP(-.5,SF13MN, ,1OXF13MN,0-,I)

C.,...EJRAW P1'132 AXES
CALL P1 OT (" * -2.67.-3)
1PNT=ý
Go TO 300

-I 135 CONTI~uE
fC'*..sC0MPU7E PH1.32 SCAR F FACTCR BASED ON MAX, AVG* ANL MIN PHASE VALUES.r F7?MX:F l39MX-AVF 132



141
DF12MIk:AVF 132-FI32MN
IF (DF3?MX-flF32MN)137#137#138

137 D1F32=nF3?mN
Go To 139

13e DIP32=nF32MX
139 CONTIKNUF

SCA32=1 .14/01F32
C*#.**SCALE AND OLOT PH32 VALUES

N=3
DO 140 ICNT=1,126
XPH32=(PH32( ICNT)-AVF132)*SCA32

A ~CALL PLOT(DL41D(ICNT),XPH32,N)
140 N="

CALL SYMB3OI (-.8,1.30. .i4,5l-PH132,O. .5)
SF32AV=AVF1I32*SCA32
SF32MX=FlI3PMX*SCA32-SF32AV
SF32MK:FlI3PMN*SCA32-SF32AV
CALL MitMHER(-.5,SF32MX,. .1,XF32MX,O.,1)
CALL SYMI,,"i (O.,SF32MX, .10.5,0. ,1)
CALL SYm8o'(-.8,.15,.1,9IJAVG PtnIS2,O.,9)
CALL NL'MRPP(-.5,0., .1O,DF32AV#0.,l)
CALL NUMF3FR(-.5,SF32MN, .10,XF32MN,0.,1)
CALL SYMBOl CO.,SF32MND .10,5,0.,-i)
CALL PLOTC-1.1..6.6.-3)

C.****PRINT SYSTFM PARAmETER AN') WAVE INTERFERENCE IN'FCRMATION
CALL SYMPOI (.94,2.OO,.14#35HINTFRF PHASES UNDER WAVE INT CONDX

$0.,35)
CALL SYMBOl (999.,999.,.14,11H(VS PHIDIF),O.,I1)
CALL SYMROI (0.92,1.7#..143FHPRI AZ :PRI INC

5, n..310)
CALL NlIM8FR(2.57,1.7, .14 ALPHP,O. .2)
CAl L KLMRL-P(5.89,1.7,.14,TlFETP,0.,2)
CALL SYMR0I (.92,1.4s.14,381-SEr AZ :SEC INC
$0.,38)
CALL KtJMBER'2.57,1.4,.,14,ALPHS,O.,2)
CALL NUMF3EP(5.89,1.4, .14,TI-ETS,0..2)
CALL SYMROIc.92,1.1v.14,14~SEC/PRI !-0,,10)
CALL KiiMRFP(2.57,1.1. .14#H,0.,2)
CALL SYMBOl (4.25#1,1,.14#14HARRAY ANGLE = #,#14)
CALL N(IMPFP(5.87,1.1, .14,DGAMMAO.,1)
CALL SYMBOl (.84,.8p.14,35I4INTERF PHASES CCRRESPONDING TO THE

SO.,35;
CALL SYMF3OL(Q99.,999., .14.i4HPRI WAVE ALONE&Oo,14)
CALL SYMROI(.84,.5,.14,35HPH121P PH113P P10,13

$5)
CALL SYMROl (999..999.,.14#efHH!32P = 0.s8)
CALL K(iMRF-R(l.87, .5, .14#DP21,( .#2)
CAlL KUMqRP(3.92,.5,.14,DPi3,O.#2)
CALL NLIMPPP(5.92*, 5, .14,DP32,O.p2)
CALL SYriOl (2.9,.2,.14,10HC/LAMDDA zv.sX1O)
CALL NjMfiFP(4.2, .2. .14,DLO.#2)
CALL FL 0T(9.I),-8.O5,-3)

200 CONTINUF
CALL EXIT

C*****PHID AXIS~ ABELLING ROUTINF BEGINS HERE
300 CALL Pl-OTfA.,-l.2.4,3)

CALL PLOT(fl.,1.14,2)
CAI.L. PLOT 05. 0- 3)
CALL PLOT(11.9O.t2i
r> LL 5SYMOl h15#-.2.,1l0,Q2HO.,o.*2)

CALLSYO(I.,-2.,39.,,)
CALL SYMBOI 12..,05O,1
CALL SYMPOI (2.35.-.2,.1, 80s.4
CALL SYMHOI (2.5,0.*.10,5*0.,-1)
CALL SYMHMfC34 6,-.2,.fln,4H270.,0.,41
CAlL SYMHOl (3.75*0...1O,,5#C.#1)
CALL SYMHOl (4,85s-.2s,.1O,41-360.,O.,4)
CALL SYMHOI(5,..O5O,1
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!NTERF PHRSES UNDER WAVE INT CONOX (VS PHIDIF)

PRI RZ = 310.00 PAl INC = 20.00

SEC AZ = 315.00 SEC INC = 45.00

5EC/HI 0.25 ARRART ANGLE = 90.0
INTERF PHRSES CORRESPONDING TO THE PRI v4AVE ALONE
PHi21P =79,14I PHI13P = 94.32 PHI32P =-173.46

PH121 D/LAMBDA 1.00

98.0

FIVG PHI21

79.1 PHIDIF
0. 180. 270. 360.

53.3

PHI 13
110.5•

9q.3 - PHIDIF
0. 90. 180. 27.360.

70.50
PH132

-145.

RVG PH132ý
-173. PHIDIF

. 90. 180. 2 .360.

-201.

Figure F-1. Plots of the -dVariation of the Interferometer Phases (hi .25)
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INTERF PHASES UNGEB WRVE INT CONOX (VS PHIDIF)

PRI RZ = 310.00 P1I INC = 20.00
SEC AZ = 315.00 SEC INC = 45.00
SEC/PRI = 0.50 RR.9RT ANGLE =90.0

INTERF PHASES CORRESPONDING TO THE P9I WAVE ALONE
PHI21P =79.11 PHI13P = 91.32 PHI32P =-173.46

PHI 21 0/LRMBDR = 1.00

111.7

AVG PHI 21
79.2 \\ •"-PHIDIF

0O. "90. 270. 360.

20.1

PHI13

122.2

RVG PHI13-94t.3 ' \ • PHIOIF
. 9. 180. 270 360.

37.8

PHi32
-121.

AVC PH1I32
-173. PHIDIF

0. 90. 180. 2 d 360.

-227.p

FFigure F-2. Plots of the -dVariation of the Interferometer Phases (H =.5)
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INTERF PHRSES UNDER WRVE INT CONOX (VS PHIDIF)

PRI AZ = 310.00 PRI INC = 20.00

I SEC RZ = 315.00 SEC INC = 45.00

SEC/PBI 0.75 RBRAT RNGLE = 90.0

INTEBF PHRSES CORBESPONDING TO THE PRI WRVE RLONE

PHI21P =79.1q PHI13P = 9U.32 PHI32P =-173.146

O/LRMBDA = 1.00
PH121

121.8

AVG PH121

79.2 PHIOIFSO.0. ,270. 360.

-16.6
SPH I 13

94. q ,PHIDIF
0. 90. 80. 27 360.

PH132

AVG PH132 F•

-73. E - PHIDIF
00. o. 180. 2 0. 360.

--249 .
Figure F-3. Plots of the d -,Variation of the Interferometer Phases (H = .75)
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INTERF PHASES UNDER WAVE INT CONOX (VS PHIDIF)
PRI AZ = 310.00 PRI INC = 20.00

SEC RZ = 315.00 SEC INC = 30.00

SEC/PRI = 0.50 ARRAY ANGLE = 90.0
INTERF PHASES CORRESPONDING TO THE PRI WAVE ALONE

PHI21P =79.11 PHI13P = 91.32 PHI32P =-173.46

PH121 D/LRMBDR = 1.00

95.0

PVG PH121
7g.1 .PHIDIF

0. 90. 180. 270. 360.

38.0

PHI13

105.2

AVG PHI 1394.3 " P H2.FPH 101 F
0. 90. 180. 20. 360.

63.8

PH132

-173.5 =PHIDIF

-19.

Figure F-4. Plots of the d-Variation of the Interferometer Phases (Os 30o)

t:•; I I Ii 1i mlI ,I i I i ii I IIS
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INTERF PHRSES UNOEB WRVE INT CONOX (VS PHI0IF)

PRI AZ = 310.00 PRI INC = 20.00

SEC RZ = 315.00 SEC INC = 60.00

SEC/PRI = 0.50 RRBRT RNGLE = 90.0

INTERF PHRSES CORRESPONDING TO THE PRI NRVE ALONE

PHI21P =79.114 PHI13P = 94.32 PHI132P =-173.46

PHI21 D/LRMBOR = 1.00

• 123.2,

AVG PH,21
79.2 PHIOIF

0. 90. 18/. 270. 360.

20.1

PHI13

134.2

AVG PHI13
9U. 3 -- PHIOIF

34.4
PH132

-143.

AVG PH132
-173.6 PHIDIF0. 90/ ~. loc. 27.30

r• _231.v

Figure F-5. Plots of the 0d-Variation of the Interferometer Phases (8s 600)
((S
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APPENDIX G

This appendix contains plots that demonstrate the fluctuation of

indicated DOA by an interferometer under Od-variant wave interference

conditions. The plots are discussed in Chapter VII.

A listing of the plotting program follows. All user-written sub-

routines are listed in Appendix G except MUG2DR, which is a general pur-

pose, self scaling polar plotting subroutine written by Bill Little. 1

,-I

I

A



s INPUT SrnURCF CARDS14
s EXEcUTE
s FORTRAN
H NAME WINTER;
H EQUIP:CARDPE,PRINTE,CARDPU;
H SINGLEALL;

C***.*TwIS IS A PENERAL ISOSCELES INTERFEROMETER ARRAY WAVE INTERFERENCE

C**.**SlmULATIr;N PROGRAM. IT PLCTS THE DOA TRAjECTORY VSi PHID, THE REL.ATIVE

C*.**.PHASE DIFFFRENCE RETWFEN T60 INTERFERING WAVES, AS IT IS VARIED IN 32
C*****INCREVFNTS FROM 0 TO 360 DEGREES. INPUT DATA CONSISTS OF THE PRIMARY AND

C*****SECONEARY AZIMUTH AND TNCICENCE ANGLES (IN DEGREES), THE RELATIVE AMP.

C..s'**H. ANC THF ARRAY ANGLEý (IN DEGREES). W610*5 FORMAT.)

DIMENSION ICON(20),PRAM(20),AZANG(200),THETAC200), IBUFC7500)
CAIL FLOTS(P9UF,7500,100.,11.5)

C*****INITIALI7F PARAMETER MiATRIX USED BY SUBROUTINE MUG2DR

ICON(I)=0

P1:3.1415926535898'1 TuPI=2.*PI
PPAM (18)=l
PRAM( 19) :0
DeG~ipc,/Pi
ICON(lp):1
ICON(19)=0
DO 70 I CNT=1,2

C.****ANGLES DL ARRIVAL RFAn IN rEGREES, H~ MUST BE BETWEEN 0 AND 1
RFAD Iin,AI OHP,THETP,ALPHSTHETS,H.DGAMMA

i0 FOOMAT(6V1n.3)
GAMMA=PGAMP'A/DEG
PRINT 20.1 CNT,ALPWP,Al-PHSTHETP,THETSH

20 FORMAT(9g1JI.JN NO. .12,//,24H PRIMARY MODE AZIMUTH = ,F6.2,ISX,26H SE~
SSECONrARY mODE AZIMUJTH = F6.2,/,26H PRIMARY MUDE 1'JCIDENCE = 6.2#13X*28
S?,13X,28H cerONDARY MOPE TKC19ENCE Z ,F6.*2//*31?- AMIPLITUDE OF SE",

SONnARY WAVP = ,F4.3,40H TI?'FS THE AMPLITUflE OF TH-E PRIMARY WAVE)

PRINT 21., rPGAMMA
21 FOPMAT(//PqH ISOSrPIES ARRAY ANGLE 2 F6.2)

PAL PHF:Ai PH-PDEG
RALPHS=At PH-S/DbG
RTwETF=T.HFTP/DEG
RTHETS=THPTS/DEG
DL=0.
NCNT=-32

DO 51 IrN'T=1#2
NCNT=NCNI,32

C...**FIRST RLJN- THRU WAVF INT SHI'ULATION PGM DL=.5, SECON') RUN THRUD DL= 1.
Di :DL+.5
PRINT 3n,fl?

30 FOPMAT(,,,.23H BASELINE/W:VELENGTH z F4*2#/)

C*****COMPUTF P-RI AND SPC WAVE INTERFERnmETER PHASE CONTRItJUTIONS
CAl L PPTPHI(RALPHP,RTHFTP~rL,PHIP21,PHIP13,PHIP32D GAMMA)

CAlL FPTPHw(RALPHS,RTHFrS.rL.,PHIS2loPHIS13DPHIS3
2 * G3AMMA)

PHIDIF=-.?

ASUM=O.

SP.F121=0.
SPF113=0.



SMFI32xO. 149
Do 50 JCNT=1.32
PH IDIFPH!I) IF+..2

C.off*COMPUTF RESULTANT INTERFERCMETER PHASE PH4121 AS DISCUSSED IN CHAPTER VII.
XI :ATAý1u2CH*SIN PHTD IF ) .. ,l..*COS( PHID0IF) )
PH121=ATAN9(SIN(PHIP21)+H*STN( PHIDIF.PHIS21) ,COS(PH1P21),H.COS(PH

SIDIF+PHIS?ifl-Xi
C**.***PUT Pl-T21 WITHIN BRANCH CUT OF -180 To Lao DEGREES

CALL REDUCP(PH121)
-' C...*.NOW FIND ACTUAL, (INAMBIGUOLS VALUE OF PH121a KNOWING IT MUST LIE

C*.**.WIrHIK 18P nFGREES OF PH121P. (SEE CHAPTER VII.)
CAiL CH.OS (PH121.PHTP21*FT21)
PHI 21:F 11
PHIP31=-PHIP13

i ~P1'131=-PHIS13
C**...RFPEAT AVOVE PROCESS FOR P1-113.

P14131= ATlAI2(SIN(PHIP3I )+H.SIN(PHIOIF.PHIS31),COS(PH1P31),H*COS(PH
SlniF+PwIS3, ))-X1
CAl L REDIJCF-(PHI31)
CALL CHOS (PHI31,PHIP3loFfI31)
PH131:F 131
PH.132=PH 131 -PH121
PHI13=-PI-131

C.****SUM UP ALL INTERF PHASFS TC CALCULATE AVG INTERF PHASES.
SmF 121 SMF1I21+PHI?1
SMF!113SMF I13,PHI13
SMF 132:SmF T32,PH132
DPHWI)F~flf-(PH-IDIF
CALL r rR(PH121,PH132,DL ,GAtMA.AZ.V1NC)

C*.*.*A7 AVGING ASSUMES NO WRAP AROUND FROM 360. TO 0. DEGREES
C*****TWAT IS, RPANCH CUJT CHOSEN IS 0 To 360 DEGREES.

ASIH:AZA SlIM
ISUM=VYINC+T SUM
PRINT 40.flPHIDF,AZ,VINC

40 FORMAT(17H REL PHASE DIF = .F6.2,5X*20H4 INFERRED AZIMUTH *F6.2#5X,22
SX.p2H INfFPPRID INC~IDENCE = ,F6.2)
MCNT=KrNT+.'CNT
A7ANG(CMCN'T ) :A
THETA (M4N~TI:V INC

50 CONTINUE
C*.**.COMPUTF 4Vr, VO A

THAVO:TSOM/3?.
AZAVG=AStLm/3?.
PRINT RnflQ~AVGpTHAVG

500 FflRMAT(//1r;H AVG AZIMUTH : F5.2,30X*17H4 AVG INCIDENCE .F5.2/)
AVF121=:SMF121/32.
AVFI 13qmF !13/32.
AVr 13=SMF T 32/32.

C**.**CALCULAT1- POA FROM AVGD PHASE READINGS
CAl L rIpt.AVF12j,AvFi3P,DLD(-AMMA,AVZAVI)
PRINT 501,AVZ,AVI

501 FORMATC,35H AZIMUTH FROM AVGD INTERF PHASES o F5.2,10x,37H INCIOL-
SNCF FROM4 AvG0 INTERF PHASES = ,F5.2/)

THFTACMCNT-31 )=-THETA(MCNT..31)
51 CONTI~iiE

A7ANG(65)=ALPHP
THFTA (A5 ) -TI-ETP
AZANG(A6)=ALPHP
THFTA(66)=THETP
N=:66



C*****INITIAI IZE PLOT PARAMFTERS USED BY BILL LITTLE S POLAR PLOT ROUTINE 150
ICONCI )=t
I CON (in ) :

ICnN(i)*3
C*~.**H*ur2Dr, CALI S MUG2 BOTH POLAR PLOT ROUTINES WERE WRITTEN BY BILL LITTLE
C***..(SEE REFFRFNCE NO. 27)

CAIL frIIGPC4CAZANG.THETA,N,FRAM,ICON)
60 CONTI~pE

CALL Pi OT(-7.75#.75#.
3 )C*****PRINT FYI~TFM PARAMETERS ANE WAVE INTERFERENCE INFORMATION.

CALL SYMHOI (I.,2.,.14.35IH)CA FOR WAVE INT CONDX WITH4 VARYING,O.,35
S)
CALL SYMPfl(999.,999,14,104 REL PHASEPO.#1O)
CAL.L SVMHrnI(0.92,1.5#.I4,3P.4pRI AZ PRI INC z

C ALL KLUMHFR(2.57,1.5, .14,ALPI4P,O.,2)
CAl L NIIMPF-RC5.89.i1.5,,.14,TIýpTP,O.,2)
CALL SvMHOI (fl92,i.,.14,38I-SEC AZ :SEC INC

$0.,38)
CALL NLJMRFR(?.57,1.0, .14,ALPHS,O.,2)
CAlL NLIMPFR(5,89,1.05.14,TlFETS,O.,2)
CAiL FyMAi~O(2.73*.5,.14#11OSEn/PRI 3 0,P1O)
CAI.L NLJMHEP(4., .5,.14,H,0.,2)
CALL SYMHOI(P.5,O.,.14,14HARRAY ANGLE: #Oo#14)
CALL NIJMFPE(4.250,o.j.4,DGAMMA,0.Di)

CAll Pr)T(7.75,-.75 ,-3)70 CONýINUE
CALL FxI7
ENn
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POLRB PLOT OF DIRECTION OF PRRIVPL

I II

30I

/ 25 /

t / 20

S! ~//

! I / 15

I ! !

I ODOR FOR NAVE .[NT CONOX WITH VRATING HEL PHASE

PHI AZ =- 310.00 PHI INC = 20.00

SSEC AZ = 315.00 SEC INC = 20.00

• SEC/PRI 0 . 50

• ARRAT ANGLE 90 0O.

Figure G-1. Plots of the -Variation of the Indicated DOA (6s 20')

d
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POLAR PLOT OF DIRECTION OF ARRIVAL

IZ3

S/ ..- --

/I / /
3023

X 
!

I 0

/

P~IRZ=31.0IR 
I =/00

FRRRRT RNGLE =90.0

Figure G-2. Plots of the {d-Variation of the Indicated DOA (6s =30 0)
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POLAR PLOT OF DIRECTION OF ARRIVAL

II

30 /

15

I

DOR FOR WRVE INT CONDX NITI1 VRRFYiNG REL PHRSE

PRI RZ = 310.00 PRI INC = 20.00

SEC RZ = 315.00 SEC INC = 15.00

SEC/PRI 0 50

RRRRT PNGLE = 90.0
Figure G-3. Plots of the 0d-Variation of the Indicated DOA (es = 450)

dr
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POLRB PLOT OF DIBECTION OF RRRIVRL

NI
30

// -
16

-P° I
S-/ I 0

I I' II

2 0DfR FOP WRVE INT CONOX NI1TH- VRArYING I9EL PHRSE

SPfI AZ = 310.00 P19I INC = 20.00

__.,SEC RZ = 315.0O0 SEC I NC = 145.O00

-•-•SEC/P131 = 0.25

ARRAY RNGLE = 90.0

A -e .- 4. Plots of the -Variation of the Indicated DOA (H = .25)



S.•,T--'LHR PLO T OF D IRECT ION OF ARRRIVRL

115 I I ~~)IIII ..,..1J

30

I'"

I \

'11

\~ Io

DOR FOF NAVE I NT CONOX W ITH VRRTING REL PHASE

PRI RZ = 310.00 eRI INC = 20.00

SEC RZ = 315.00 SEC INC = q5.00

SEC/PRI 0 O5

/RRRr ANGLE = 90.0

Figure G-5. Plots of the •d-Variation of the Indicated DOA (H = .75)
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POLRP PLOT OF DIRECTION OF RRHIVRL

If

30

II

DOR FOR WAVE INT CONDX WITH VARYING REL PHASE

PRI AZ = 310.00 PRI INC = 20.00

SEC AZ = 315.00 SEC INC = '45.00

SEC/PBI = 0.50

ARRHAY ANGLE = 60.0

Figure G-6. Plots of the 4d-Variation of the Indicated DOA (H =.50)

L1
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POLPR PLOT OF DIRECTION OF RRRIVRL

/

/

I I
I

OOR FOB NAVE I NT CONOX W ITH VABTING PEL PHASE

PHI AZ = 210,00 PHI INC = 20.00

SEC RZ = 315.00 SEC INC = L15.O0

SEC/PHI = 0.50

RRRAT ANGLE = L05.0

Figure G-7. Plots of the pd-Variation of the Indicated DOA (y = 450)
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POLRB PLOT OF DIBECTJON OF RRRIVRL

I!

DOR FOR WAVE INT CONOX WITH VARYING REL PHASE

PHI AZ = 310.00 FBI INC = 20.00

SEC RZ = 315.00 SEC INC = 45.00

SEC/PRI = 0.50

ARRRY RNaLE 25.0
Figure G-8. Plots of the d-Variation of the Indicated DOA (y = 250)
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POLRR PLOT OF DIRECTION OF RRRIVRL

I/
t/

j/

DOR FOR NRVE INT CONOX WITH VRRTING BEL PHRSE

PRI RZ = 310.00 PRI INC = 20.00

SEC RZ = 315.00 SEC INC = L5.O0

SEC/PHI = 0.50

RRHRT RNGLE = 5.0
Figure G-9. Plots of the pd-Variation of the Indicated DOA (y 50)
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APPENDIX H

This appendix contains a comparison of two different approaches to

phase ambiguity resolution in a large/small baseline interferometer system

under wave interference conditions. (See Chapter VIL.)

The program listing follows. All user-written subroutines called

are listed in Appendix M.

I

q•

-i
Ag
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s INPUT SOURCF CARDS 161
S EXECUTE
S FORTRAN
H NAME VTHCHK;
H EQUIPZCAROPE,PRINTE,CARDPU;
H SINGLE6LL1-

C...**THIS PROG;RAM COMPARES THE INSTANTANEOUS PHASE AMBIGUITY RESOLUTICN METHOD
C*00**AND TI,-F AV(G PHASE RESOLUTTCN TN A SMALL/LARGE BASELINE INTERFEROMETER
C*.*..SvqTEP. (qEE CHAPTFR VII.) ALL ANGLES ARE IN DEGREES. THE INPUT DATA
C*****RFQUIRED APE THE PRIMARY AND SECONDARY AZIMUTH AND INCIDENCE ANGLES
C*****(IN DEGRF-Fq). H, THE ARRAY ANGLE (IN DEGREES)# AND THE SMALL AND LARGE
C**.*.BPýELiNiF -F-NGTHS,RESPFCTIVFLY,(IN METERS). (SF10.3 FORMAT.)

DImENSION PHISMC4O,2) .PHILG(40,2),RES(40,2),DPHI (40)
PT :3.*1415926535898
TUp 1:2. *P

DEG218 . /P I
Do 85 ICNT=1,2

C*****ANGLES Ol' ARRIVAL READ IN CEGREES, H MUST BE BETWEEN a AND 1
REA'D lfl, AIPHPTHETP,ALPHS,THETS,H,DGAMMA.12LSPDLL

10 FORHAT(8F1.3)
GAHHA:DGAMMA/DEG
PRINT 15,LrNT,DGAMMA

15 FORMATH9HIPUN. NO. ,T2,16x,25H ISOSCELES ARRAY ANGLE c JF6.2)
PRINT ;)O.AIPi'P,ALPHS,THETP,THETSH

20 FORMAT( /,24H PRIMARY MODE AZIMUT- - ,F6.2,15X,26H
SSFCON~bRY MODE AZIMUTH = F6.2,/#26H PRIMARY MODE INCIDENCE 2 ,F6.
S2,13X,28H cECONDARY MODE INCIDENCE z F6.2*//p3jt- AMPLITUDE OF SEC
SONDARY WAV- = ,F4.3,40H TIMF.S THE AMPLITUDE OF TI-E PRIMARY WAVE)
RALPHP:AI PIP/DEG
RAL PHS=AI PwS/DEG
RTH.ETP:THPJTP/DEG
RTHETS:THFTS/DEG
DL:DLS

C*****THIS SFCliCN OF PROGRAM IS IDENTICAL To TiE WAVE INTERFERENCE SIMULATION
C.****PPO)CRAM OF APPENDIX G. THIS PGM IS RUN THROUGHi TWICE, ONCE FOR T-.E
C*a***SMALL PASE INE ARRAY AND ONCE FOR THIE LARGE BASELINe ARRAY.

Do 54 TCNT=1,2
CAIL PRTI-HI (RALPHP,RTHETP.CL,PHIP21,PH1P13,F'H1P32, GAMMA)
CALL PPTPHI (RALPHS,RTHETSEL,PHIS?1,PHIS13.PH1532, GAMMA)
PHI DI F:- X I N'C
SMF 121=0.
SmF I 1=:O
SHF 132=0.
Do 50 ,jCN.T~l36
FHIDIF=P~i1r'IFXINC
X1:ATAN,2ci-ISINCPHII)IF),l..I-*COSCPHIDIF))
PH12l=ATAN?(9IN(PHIP21 )+H*SlIN( PHIDIF4PHIS21),COSCP4IIP21),H*COS(P-
SIDIF+PPaIS2I ))-X1
CAL-L R~Fl'j,:F(PH121)
CALL Cw.OS (PHI21,PHIP21.F121)
PHI 21=r121
PHI P3i :-PH IP13
PH 1S31 :-P)dI S13
FH131= Al AN'2(SIN(PHIP3I )+HSIN(PHIDIF+PHIS31) .COS(P.41P31),H*COS(P-4

LAI L rF~fl;:- CPH131)



J CALL CHOS (P14131,PHIP31,F131) 162
PH1312FI131
PH132:PHI 31 -PHI21
PH 113:-PH T 1

C**.**SUM UP ALL INTERF PHASES TC CALCULATE AVG INTERF PHASES.I ~SMF12I :SMF ?2t+ePH121
SMFI13=SMF 113*ePHI13
SMF132=SMFI32*PH132

IF( ICNT-l.r,)45,45,46
45 PHISM(JCNT.1)XPH121

mPHI SM(CJCNT.2 ) PH132
GO TO 50

46 PHILG(JCNT,1)CPH121
PHILG(JCNT,2)zPHI32

50 CONTINUE
AVF 121 =SMF 121/36.
AVF1I3?=SMF I32/36.
IF( ICKT-1 .5)52t52,53

52 AVSM21cAVF121
AVSM32=AVF 132
DL:DLL
Go TO 54

53 AVLG21 =AVF121
A VL G3 P A V F!32

54 CONTINUE
-A C*****PERFORM INST PHASE AMPIGUITY RESOLUTION

SMRESi~o.
SmRES2=o.
DRAT~rI L/li S
DO 60 ICT=1,36

C*.***REDUCE TI- ACTUAL INTERF PHASES TO LIE WITHIN THE PRINCIPLE BRANCH~ OF
C*o.**-¶RO. TO IAO. DEGRFES, AS 6OULD BE MEASURED

CAIL ;EDlUCF(PHILGUICT,i))
CAlL RED~ir:P(PHILG(ICT,?))

C*Oe.*COMPUTF APPROX. LARGE ARRAY PHASES FRM SMALL ARRAY PHASES.
XI:PHISM(lVT j)*DRAT
X?=PHISM(Tr'T.2)*DRAT

C**.**Aflf + MR - 360. DPGREFS TO THE REr)UCI:D INSTANTANEOUS PHASES
C*.***UNTIL THLVY LIE WITHIN 180 rFGREES OF THE APPROX. PHASES INDICATED
C***.**y THE SmAi L ARRAY. THUS AFFECTING INSTANTANEOUS AMIJIGUITY RESOLUTION.

CAl L CHOS(PHILGCICT.i),X1,R;ESCICT,1))
CALL rI.OS(PHILGC ICT#2,X2.xRES(ICT,2))
SMRES1=SPPFSI+RFS( IrT,i )
S?4PES2=SmRPSPRFS ICT,P)

60 CONTI~oE
AVRESI 2SMRt:Sl/36.
AVPES2=SMRFS2/36.
PRINT 69

69 FOPMATILJI
PRINT 70

70 FORMAT( /,P0(1H.)/,22X,37HINSTANTANEOUS PI-ASE RESOLUTION METHOD,/,

PRINT 71,0): S.DLL
71 FORMAT( /,qX.69HPHASE DIF l"MALZ- ARRAY PHASES LARGE ARRAY PHA

SSPS RESULTS /64XoE()INST PHASE#/,22XSH D/L:,F5.2#11Xo
S5H D/L=,F5.2,11X,9HAMR1GUITY /*64X*1OHRESOLUT ICN)
PRINT 72

7? FORMATN ?lX,12HPHI?1 PI-112.9x,12HPH!2I PH132,8X,12HPH121 PH132
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PSIBPI- tSM(J,1)*DEG
PS~uPI!ISMCJ,2)*DEG
PLi aPl-ILG(J,i).DEG
PLluPt- ILG( J,2)*DEG.=1 ~Ri RES(CJ, I .DEG

-' R?=RESfJ,2)*flEG

720 PRINT 73,D)PHI(J),PS1,,PS2,PLI,PL2,RlIR2

73 FOpMAT c7X J5 .2,9X,F5.2,2X,F5.2,9XF5.2,2X,F5,2,8X,F5.2,2X,F5.2)
DAVSI=DEG*AV'M21
D A vs2=D EG* AVSM 32I DAVLI~nEG*AVLG21
DAVL2=DEG. AVLG32
DAVR1=nEG*&VRESI
DAvR2=fEGeekVRES2
PRINT 730

-1730 FORMATC8D(lH-))
PRINT 74, DAVSIPDAVS2,DAVL1 ,DAVL2. DAVRI ,DAVR2

74 FOPMAT (13H AVGED PHASES5 8X,F5. 2,2X,F5.2,9XF5.2,2X,F5,2,8X,F5.2,
52Y,F5.2)

Co***.COMPUTE lNflICATED DOA FOR INST METHOD
CALL FIR( AvRSI~,AVRFS?,DL,(SAMMA.AZINSTeX1NST)
PRINT 75,A71NST,XINST

75 FORMAT(/,5nH DOA nBTATNED FRM AVGFD INST PHASES ..... AZIMUTHz
$F5.2,liH...INC =,F5.2)

H C*#...PERFOFM AVF-RAGE PHASE AMBIGUITY RESCLUTION-I C*.**c''ýnUCE TH-F ACTUAL AVG INTERF PHASES To LIE WITHIN THE PRINCIPLE BRANCH OF
C*.***-YSD Trn 180 DEGRErS, AS THEY WOULD BE MEASURED (AFTER A SIMILAR

-4 C*****SAT!SFACinpy BRANCH CUT WEFF MADE,.
CAL.L ký-DiiCý-(AVLG21)
CALL PFOUCI-(AVL-G32)

C**..*CO~mPUTF ,PP~RGX LARCF INTERF PHASES FROM SMALL INTERi PHASES
X3=AVSM?1 *rRAT
X 4=A VSM 32* r RA~T

C*****PFRFOPP AVCý PHASE RESOLUTICN By ADDING 4 CR - 360. !OLGREES TO THE

C*.**.LAPGE AR~iv PHASES UNTIL TI-PY AR2 WITHIN 180 DEGREES OF THE ALPR')X PHASES
Cal L r'I~os(AVLG2l,X3,F1Pl)
CALL CHOS(AVI.G32,X4,Fl32)

C*****COIMPUTF hOA INDICATED BY Ti-F AVG RESOLUTiCN ME1HCD
CAl L rR(F 121 ,FI3?,flL,CAIMA,AZAVG,AVGINC)
PRINT 77

77 FORMAT( 80(1H*),25x,/,22X,28H AVG PHASE RESOLUTION METHOD/80(JH~

s*))
Dr 121:PEb*F 121
DF I32=t'E(.*ý 132
PRINT po,nr121,DF132

80 FOPMATe / 74H PHASE AMBIGUITY RESOLVED PHASES (USING AVGD LARGE AN
$D qMALl ARP.AY PHASES) ,/,15XBHPH121 a ,F7.2,6X,8HPH132 = F7.2)
PRINT A?,A7AVG,AVrINC

82 FORMAT(,,5flH DOA OBTAINED FRM THESE PHASES ..,........AZIMUTH
S65.2,IiH...INC JF5.2)

85 CONTI-'F

CALL EXIT
END
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Table H-1. A Case in Which Both the Instantaneous and Average Phase
Resolution Methods Field Correct Results

RUN NO. 1 ISOSIES ARRAY ANGIE = 90.00

PRIMARY mm- 47IMUTH = 10.nO SFCONnARY MODE AZIMUTh. 315.00
PRIMARY Mf-n IINCfDFNrE = n.00 SPCO'I'ARY MODE INCIDENCE = 45.00

AMPLITJnP OF SFCGNDAPY WAVF z 0.9r 1TMrS THF AMPLITLnE OF THE PRIMARY WAVt

IWSTANTAN~nIf , PNASP RFSOL.IIT ION METHOD

PHAqF PIP SMALL IRýAy PASý-S LtRnE ARRAY Fý4ASES RESULTb
HIST PHASE

D/L= 0.10 D/L= 1.60 AM8TGUjTY
REScLUIION

J 1I?' PHI34, PHIPI PI-132 Pk121 PH132
n.o0 9.93 -21.n 93.59 158.3 93.59 -201.

In. O 9.9n -21.n 91.53 159.3 91.53 -200.
:)n5nn .84 -20.o 89.01 16t.0 89.01 -198,
31.0n 9.74 -20.p 86.02 163.5 86.02 -196.
4n.Pfl 5.62 -20.4 82.54 166.8 82.54 -193.
A5n.00 .45 -2n.7 78.63 170.7 78.63 -189.
5fn.O 9.24 -19.9 74.38 175.3 74.38 -184.
7n no 8.99 -19.r 69.95 -179. 69.95 -179.

En o e.68 -19.r 65.58 -174. 65.58 -174.
9n.no E.31 -18.,z 61.54 -169. bl.54 -169.
In oA 7.F9 -17.6 58.09 -162. 58.09 -163.
11n.n 7.40 -16.- 55.47 -159. 55.47 -159.

6.86 -15,.6 , 53.84 -155. 53.84 -155.
( l~n n.29 -14.7 53.33 -152. 53.33 -152.

1n 5.72 -13.7 53.94 -149. 53.94 -149.'r 0 5.20 -12.7 55.65 -147. 55.65 -147.

160.n 4.81 -11.o 58.35 -146. 58.35 -146.
17n.0 4.59 -11.1 61.86 -145. 61.86 -145.
IAn.v 4.59 -11.1 65.95 -146. 65.95 -146.
ton.0 4.H1 -11.4 70.33 -146. 70.33 -146.
?no.O 5.21 -12.r 74.75 -14F 74.75 -148.
?io.p 5./? -12.P 78.96 -15 78.98 "150,
?9n.n 6.29 -13.8 82.86 -15:. 82.86 -153,
23fln.o 6.86 -14.o 86.29 -157. 86.29 -157,

7.n.n 07. -15.o 89.25 -161. 89.25 -161,
7n.f 7.69 -16.0 91.73 -166. 91.73 -166.

2en. e.32 -17.7 93.75 -171. 93.75 -171.
6.flo0 6.b8 -18.4 95.35 -177. 95.35 -177.

2e0.0 e.99 -19.0 96.55 177.7 96.55 -182.
2SO 5.24 -19.A 97.38 172.9 97.38 -187.

9n. 5.45 -20.r 97.87 168.6 97.87 -191.
9310 9.62 -20.3 98.02 165.0 98.02 -194.
5pnn 9.74 -20.6 97.84 162.1 97.84 -197.
58n.0 S.F4 -20.p 97.32 160.0 97.32 -199.

34in.0 .90 -20.9 96.46 158.7 96.46 -201.
3c~0.n 5.9,i -21.o 95.23 158.1 95.23 -201,

AVGED DtPS 7.01 -17.3 79.15 -17Z. 79.15 -173.

DOA 08T6TfFfl •Pm AVGFC INST PHASF ..... A71MUTH 31n.0 .. IiC 20,00

AVG PHAS R'-SI1lL:TilN ME-THO)

PHASF 'aýlIIT fy RESOIv•r PwSES (oqlN AVGP I AR(E AKP SMALL ARRAY PHASES)
PH121 79.15 PH132 = -173.47

I)OA ORTt.Ir! ýP•Rv THF4PE f-PASFS .......... AZIMUTH 310.0 ..... iNC 20.00
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Table H-2. A Case in Which the Instantaneous Phase Resolution Method Fails

RIJN No. ^1 SOSCr, F-; ,*RRAY AtIM( 1 = 90.00

PRIMARY Mflrt- A7PTP 1 =lm.no SECONflARY MODE AZIMUI'. z 315.00
PRIMARY Mr'p& lhICTr'FCNi = pn.O sFprINOARY MOPE INCIDtNCE = 45.1)0

AMPt TTJnF flF S;CrntVAOY VAV;- = 0.75 1 'ES THf AMPI.ITL'9F OF THF PRIMARY WAV•

II'STAt'TANrCiUS PwSt R-SflL'lT!CNJ MjTHOD

PHI F rji SMAI I. 4PJYV PFARý-' LAR(,& ARRAY PWASES RgbULI)
iNST PHA.E

U/L.= III. I( lP l.= 1.0r, A P9 IGU I T

RESCLUIluN
•F*?j PH I PHII PHr72 PH12l Pm132

0.rn '2.24 -?5.1 ij9.7 110.6 119.7 -249.
12.?P -25.1 118.9 111.3 118,5 -248.

?P.rn 1.20 -?5.p 116.8 112.6 116.8 -247.
3n rn 12,i7 -25.;, 114.4 114.9 114,4 -245.

4n .r !;.12 -25.q 110.6 118.6 110,6 -241.
in.nn 12.415 -25.p 104.5 124.6 104.5 -235.
fn rp 11.05 -24,p 94.02 135.4 94.02 -224.
7n nP 11.A2 -24.A 74.52 155.1 74.52 -204.
rnnfl '1.65 -24.e 43.42 -173. 43.42 -173.
gn'no 11.41 -24.0 14.07 -143. 14.07 -143.
InA.n !J.n7 -23.a -2.95 -125. -2.95 -125.
1n1.0 10.57 -22.A -11.5 -11r -11.5 -115.
1 .r..79 -21.. -15.5 -110. -15.5 -110.
130.1 -^"1 -19.4 -16.6 -106. -16.6 -106.
140. 6.?9 -16.1 -15.3 -104. -15.3 -104.
ic n n 1.88 -9.75 -11.1) -10?. -11*0 -103.

160.p -6.77 2.77 -1.89 -1'12. -1.89 -102.
1701.1 -18.8 )2.4p 16.1n -102. -343. 257.8
1RO.0 -18.7 72 7ý 46.31 -102. -313. 257.7

o • -1, 9.4z 76.68 -102. 76.68 257.2
Pnn . 1.94 0Q.l 95.19 -103. 95.19 -10,3.
210.0 6.28 -11.p 105.? -105. 105.2 -105.

.pn n E..3 -16.7 111.0 -118. 111.0 -108.
_?-i n S.,v -19.A 114.6 -112. 114.b -112.
-4.nn 10.57 -21.4 1!7.n -120. 117.0 -120.

1.r('n 11.[7 -22.8 118.7 -133. 118.7 -13.3.
S.An.0 11.41 -?3.r 119.8 -157. 119.8 -157.
P70. nI l. (, -24.p 120.6 169.? 120,6 -190.
Ii ?•0 114.k -24.4 1?1.2 143.4 121.2 -216.
Poi 1 li.Q5 -24.y 1P1.6 129.0 121.6 -230.
3,n .o n2.,5 -24 .o 121.8 121.1 121.8 -238.
lin 0 12.'2 -25.n 121.8 116.4 121.8 -243.
3?n.n 12.37 -?5.• 121.8 113.6 121.8 -246.
31.0 P 12.20 -25.p 121.5 111.8 121.5 -248,
34n . 12.22 -25.7 121.1 110.8 121.1 -249.
3c•o p 12.24 -25.7 120.6 110.4 120.6 -249.

AV,,;) F 7.93 -17.3 79.15 -173. 59.15 -143.

DOA OP1'sI35 9M ýVG•E INIST PHASPS.....7I1MUTH = 305.0 ..... INC = 16.62

A0'C pjA'P P- 1' I TION MýT'10fl

oHAsF t.p Ir'I R1 IV'•l Fi P St' (I q 10,, AVGP i oP(rt ANT) (MALI- ARRAY -HAStF )
Pk-12l 79.19 PH,32 = -173.47

r)(,A ORTt1I :' -P TwF4E P F-FS ........... ,27i m iT4 310.0 ..... INC 20.00



71-i

166

APPENDIX I

This appendix contains a tabulation of the results of numerous

executions of the comparison program of Appendix H. It shows how the

instantaneous phase resolution method fails as various parameters are

varied. (See Chapter VII.)

A listing of the modified program follows. All user-written sub-

routines may be found listed in Appendix M.

A

iN

-121

4-•- • • . ..



-NIX,

s INPUT SOURCE CARDS16

s FORTRAN

H EGUIP:CARDRE,PRINTE,CARDPU;

H SINGLEALI;

C.....THIS PeSM WORKS IN EXACTLY THE SAME MANNER AS PGM METHCHK, OF APPENDIX
C**.**Vl, rnETATLED DOCUNENTATICN MAY BE FOUND THERE,

DIMENSION PHISM(40,2),PHILG(40,2) .RES(40,2),DPHI (40)
P1:3. 14159P6535898
TUPI=2.*PI

I XINC=TIIPI/.16.

Do 85 ICNT:1,5
Go TO (2Ufl.300,400,500,630),LCNT

200 PRINT 210
210 FORMATeIHI.///59H COMPAR!SCN OF AMBIGUITY RESOLUTION METHODS VARYi

SNG PRI DnA /
PRINT P15

215 FORMAT(71H NOTE ..... SEC AZ :PR! AZ *DELAZ ALSO SEC INC
$RI INC + nrlI.INC I
PRINT 220

d220 FORMATC3X.108HPRI WAVF SEC WAVE REL AMP SM D/L
SG n/L GAMMA INST RFSOLUTION AVG RESCLUTION ,/t2X,
$36HAZ INC DFLAZ DELINC SEC/PRI#25X#45HARR ANG AZ
S INC AZ INC /

C**..*INITIAi TZE PARAMETERS
Al PHP=-15.
DPl AZ=05.

DGAMMA=90I.

A DL I z.'5

C*'*.r.BFGIN VARY TNG PR! DOA
D0185 ~j1=1.8
AL PHP=ALPHP+,15.
THFTP~p.
Doi 85 12=1.5
TLIFTP=THI-TP.15.
Go TO 700

184 CONTINuP
185 CONTINUE

Go TO 85
300 PRINT 310
310 FORMAT(1HI.///59H COMPARISCN OF AMBIGUITY RESOLUTION METHODS VARYING

SNG SEC DO~A/)
PRINT P15
PRINT P20l

C*****INITIAi I7F PARAMETERS
Al P'HP=:3j 0 .
Tw~FTP:70.
DEI.AZ=-20.

C*..*.BEGIN VARY;NG DEVIATION OF SEC DOA FROM PR! DOA
Dop85 )3=1.7
DE-LAZ:O)FI A7+15.
DplINr:-25.



4Pc85 54=j, 168
VF I FI - D-fL INCG5
GO TO 7G0

S 84 CONTINUE
.C5 CONTINUE

Gc TO p5
4M0 PRINT 41q
44,0 FORMAT,'H.,///8/H COMPARISCN OF AMBIGUITY RESOLUTION METHODS VARY!

SNG REL APPITTUDE (H) RETWEEN THE WAVES 1/)
PRINT 215
PRINT 220

I Co'***1NITIALI7F PARAMETERS
DP, AZ=-180.

FDI INC=30.

D0385 J5=1.2n•i 4=H÷.05

GO TO 700
384 CONTINUE
385 CONTINUE

GO TO p5
500 PRINT 510
510 F)RMAT(1H1,///100H COMPARISON OF AMBIGUITY RESOLUTION METHODS VARYSING SMALL ANP LARGE ARRAY EASELINE/WAVELENGTH RATIOS //)

PRINT 215
ji PRINT 220

C*.**eINtTIAI I'F PARAMETERS

D0485 J6:1,5
DLSaDLS+.1

D0485 j7=1,6
"DLL 'DLL.1.
Go TO 700

484 CONTINUE
485 CONTINUE

GO TO A5
600 PRINT AlO
61n FORMATttH1.///71H COMPARISrN OF AMBIGUITY RESOLUTION METHODS VARY1

$NG ARRAY ANGLE, GAMMA //)
PRINT 215
PRINT 220

C*.***INIT1I, IZE PARAME1eRS
Dlcqs.5

DLL=2.
DGAMMA:O.
D0585 J8:L9
DGAMMA=:D;AMMA,1O.
PRINT 583

583 FORMAT(/)
Go TC 700

584 CONTILUE
585 CONTIN-,F

GO TO A5
700 ALF4HS=ALPHP+DELAZ

TpFTS:TWNTP+0ELINr
GAMHMA=GAMwA/DEG
RAI PkFzAi 0ý-PlDkG
RAI PHSrAt P1-S/DfG r-•
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RTHETSaTHETS/DEG
DL:DLS
Do 54 TCNT:1,2
CALL. PRTPH! (RALPHP,RTHFTP,rL,PH1P21,PHIPI3.PHIP32, GAMMA)
CALL PPTPHI (RALPHSRTHETS~rLPHIS21,PHIS13DPHIS32# GAMMA)

=1 PHIDIFe-XINC
A SMF121*0.

SMF113=0.
SMF132w0.
Do 50 JCNT=1,36

H PHTIDF=PHIflIF*XINC
X1=ATANj2(H*SIN(PHTIDF),1.I.4.*COS(PHIDIF))
PHT2l:hTANP(SIN(PH1P24 )+HieSIN( PHIDIF.PHIS21),COSCPHIP21).H*COS(P'-

$IOTF+PHIS21))-Xl
CALL REDUCE(PHI2i)
CALL CHOS (PH191,PHIP21,F 121)
PH12I:F 121
PHTP31x-PHIP13
PHIS31v-PHlSi3
PHT31= ATANI2(SINCPHIP3I ),H*SIN(?HIDIFPHIS31),COS(PHIP31),I4*COS(PH

SIDTF+P14IS31 ))-XI
CALL REDUCF(PHI31)
CALL CI.4S (PH131,PHIP31,F131)
PH 31=F 131

PHY32=PH 131 -PHI21
PHI j3=-PH I I.

C*****SLIM UP AILl INlERF PHASES TC CALCULATE AYG &NTERF PHASES.
SMr121=SMFT2t+PHI21
SMF 1132SMF113+PHI13
SMFI 32=SMFI32+PH1 32
DPHI(LCNT)=0EG*PHIDIF
IF( ICKT-1.9i) 45, 45, 46

45 PHISM(JCNT.1)zPH121
PHISM(JCNT.2)ZPHI32
GO TO 50

46 PHILG(JCNT.1)xPH121
PHILG( .,CNT,2)aPHI32

50 CONTINUE
AVFI21:SMFT21/36.
AVF132=SMFT32/36.
IF( IONT-1.9~) 52, 52, 53

52 AVSM21=AVF'121
AVSM32=AVr 132
DL:DLL
Go TO 54

53 AVLG21 =AVF121
AVi G32rAVF'132

54 CONTINUE
C**o*.PFRFORM INST PHASE AMBIGUITY RESOLUTION

SmRESixo.
ShdES~eu0.
DRaT=lI L/nLS
DO 60 ICT=1,36
CAl L RFP'JCFIPHILGtJCT,j))
CALL REDIJCF(PHILG( ICT,4))
Xj=PHISM( lrT,1).DRAr
X2vPHISMC ICT,2).DRAT
CAl L CHOS(PHILG(ICT,1j,X1,,RESCICT.1))
CALL CA.OS(PHILGC ICT,2),X2.FES( ICT,2))
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SMRES2sSMRFS2#RES( ICTs2)

60 CONTINUE
AVfRES1 .SMRF-St/36.
AVRESP3SMRPS2/36.

C*0000COMPUTE INnICATED DOA FOR INST METHOD
CALL CIR(AVRES1,AVRES2.DL,GAMMA,AZINST,XiNST)

C**.**PFRFOPM AVPRAGE PHASE AMeIC.UITy RPSOLUTION
CAl L RFDLJCF(AVLG21)
CALL RncFfl'(AVLG32)
X3=AVSM2I PR ATI~X 4: A VS H3?. "RAT
CALL CHOSC(AVLG21,X3,Flp1)
CAl L CHOS,(4VLG32,X4,Fi32)
CALL £TR(Fl21.FI32zPL,GAMMA,AZAVG,AVGINC)
PRINT AO, AlPHP,THFIP,DFLAZ,DEL.INC,HDLSDLLDGAMMA,AZINST#XINST,

5A7A VG, AV IN C
80 FORMAT(1X,v5.2,1X.F5.2.3X,2(F5.2,2X),3XF5,2,7X,3(F5.2,5A), 2(2XF5.2),5X,2

GO TO (184.284,384,484,584),LCNT
85 CONTINUE

CAl L FXI T
END
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APPENDIX J

This appendix illustrates the equivalence of the two methods of

handling erroneous phase measurement data described in Chapter VIII.

The data presented here are "live." They were collected at this

laboratory's Monticello Road Field Station, on April 11, 1972, as part

of a three-transmitter ionospheric "tilt" experiment.2 The presence

of ionospheric tilt is probably the reason why the indicLted azimuths

do not agree precisely with the actual compass bearings of the trans-

mitter locations from the RDF site, as indicated in the following

tables. Each data point represents a group average of ten sets of

interferometer phase measurements. The time between each successive

phase measurement w,, t'-o aeconds. The experiment was set up such that

every minute ten phast tasurements from ea.h transmitter would be

recorded at the RDF site. (This was done by properly timing the

transmitters such that each transmitter would be on and the other two

off for 1/3 of a minute.)

These data were taken over a period beginning at 22:39:01 and

ending at 22:57:00, GMT. 3

A listing of the processing program follows. The user-written

subroutines are listed in Alpendix M.



S INPUT SnURCF CARDS 179
s SCRATCH TAPE,3*4o3
s EXECUTP
S FORTRAN
H NAME RI DTA:
H EOUJP:CARDR6.PRINTE,CARDPUS
H SINGLEALL;
C.**.*r~iS PGM COMPARES 2 METHODS OF DOA CALCULATION USING LIVE DATA
C T HE FCI LOWING DATA CARDS APE REQUIRED,.*....
C 1. DATE AN~D PLACE OF DATA COLLECTION (23AI FORMAT)
C 2. REARING AND LOCATION OF TARGET TRANSMITTER (23A1 FORMAT)
C 3. PASFI INE + FREQUENCY IN MHZ (2F10#5 FORMAT)
C 4. PN'UMRPR OF DATA CARDS To BE PROCESSED (13 FCRMAT, rIGHT JUSTIFIED)
C 5. DATA CARDS ..... PH121, PHII3, PH132 UNAMB, AND IN DEGREES (3F'0.5)
C
C
C

DimiNSTON ALPHAI(IS), ALPHA2(15)
P1:3.1415926535898
DEG218n ./pI
DO 999 .. =,
READ 1O,(AI PWI4A(),I2i,15)

10 FORMATc15AP)
READ inl, (aLPHA2(I),I~i.15)
READ 20,1ý,FREQ

20 FORMATC2vin.5)
DL:D*FREO/30O.
PRINT 10,AiPHAi,ALPHA2,DL TC~IUSUIGLV

30 FORMATC1H.1.5X,69HCOMPARISCN OF 2 DICA CALCTEHIUSSNGLVP
SI4ASE ?'FASUPEFPENT nATA//19X,34HDATG+PLACE OF DATA COLL-ECTION ----- #Ii
S5A2//1QX,34H@EARING AND LOCATION OF SOURCE---,15A2//35X,6I4D/L
SF5.3.2,?v,!akMMA =60 DEGREES////)

40 FOýMAT(14X,74HUNAM8IGUOUS SUM OF DkbLTA METH~OD
$ANGLE AV4-RAGING MFTHOD/ i3X,73HINTERF PHASES P~iASES AZIML'T
3$ lhrlIr-t'CE AZIMUTH INCIDENCE/13X*14HAVG AP4PLITUDF /10X,
Si9HPHI71 PHI13 P81T32/)
READ 5n, NnATA

50 FORMAT(13)
n .ASM~fl.
DL TSM=O.
A VASH: ri
AVISM=0.
AMPSM~fl.
PISM~fl.
P13sm:0.
P32SM:O.
ICHECK:0
DO 80 LCNTz1,NDATA
READ 6nl, Pi-121,PH113,PH132,AVAMP

6n FORMAT(6;ln.5)
65 PHASUP~rP'4Ii3*PHf214+PHI32

RPH121:PHT~l/DEG
RPwIj3=P~i4i3/DEG

CAI.L AVDIR(RPHI21,RPHI 13,RFH132,DI.,A. ZAVINC)
TWPDEL=PHA9UM/3.
CPLuj21=(PHI21l-THRnlEL /nEG



CPH1I32tC PHI 32-THRDEt. )/DEG 180
CAg L AVD)IR(CPNI21,CPH1l3,CPH132,DL,,DE!AZ,CELINC)

C.....PFRFORM HRANCH CUT. FOR TI-E FOLLOWING DATA A CUT EXTENDING FROM -P1 TO P1
Ce....*IS APPROPRTATE

IFCDELAZ-IP0. )651,651,650
4 650 DELAZ~flEI A7-360.

651 CONTINUE
IF'.AVAZ-18n.) 653,653,652j652 AVAZRAVAZ-*460.

651 CONTINUE

-1 DL ASMflLASM+DELAZ
AVASM=AVASm+AVAZ
A VTiSM=A V I Sm4~A VI V'

P3?SM=P32SM+ePH 132
A AMPSM=AMPSM+AVAMP

PRINT 70, PIhi2l,PH113,PH132,PHASUM,DELAZoDELINC, AVAZ,AVINC
S..AVAMP

70 FOPMAT t'H .8X,F6.1,IX,F6.i,2X,F5.l*3X,F6.3,5XoF5,2s6XsF5.2*9X,F5.2
S,6X,FrS.2)
IF(ICI-FCKfl 00,80,100

80 CONTINIIE
C*****NOTE THIS AVGING PRC)CFSS IGNORES THE 0 TO 360 UE(GHE6 WRAPAROUND PROBLEM
C.****A,~f 1I- THFPEFORE NOT VALIn UNDER SOME CONDITIONS

Dt AzDLASM/tNDATA
DL I=DL ISM/NDATA
AVA:AVASm/NDATA
AVItAV ISM/NDATA

C*****CONVEPT -lP0 TO 180 CUT 8ACK To THE ORIGINAL 0 TO 360, CUT
IFCDL6 )654.654,655

654 PLAmDLA+36n.
655 lF(AVA)656.656,657
656 AVA=AVA+36n.
657 CONTINU~E

PRINT 100 '!LA,DLI.AVA,AVI
90 FOPMATrlflX.76(1H.)//IOX,121-AVERAGEP DOA#2lX#F5.2#6X*F5.2,9X,F5,2,6

SX , vS.2)
PHI2l=P21SV'/NDATA
P H113 -P lSM-/ rDATA
PN1~32=P32SM/NDA7A
AVAMP=AMPSM/NDATA
ICHECKi.:l
P~RNT 95

95 FORMAT(,',9y,78H AVGFD PHASES AND AMPLITUDES --- AND THE DOA CALCULAT
$ED FRrw~ lHPSE AVGFL) PHASES
Go TO A5

100 CONTIKIIE
999 CON'TIKujE

CALL EXII
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COMPARISON OF 2 nOA rALC TECHNIQUES USING LIVE PHASE MEASUREMENT DATA

DATE÷PLACF OF DATA COLLECTION ----- APRIL i1, 1972 MRFS

BEARING AND LrCATTON OF SOURCE----GILMAN, ILL (AZ APRX 18.5)

D/L z 1.542 GAMMA 60 DEGREES

UNAMBIGUCUS SUM ov DELTA METHOD ANGLE AVERAGING METHODI INTERF PHASES PHASPS A7IMUTH INCIDENCE AZIMUTH INr.DENCE
AVG AMPLITUDE

PHI?1 PHI13 PHI3P

85.5 -53.3 -34.7 -2.500 7.09 9.02 7,09 9.02
4.8

87.3 -47.1 -38.7 1.500 3.20 9.01 3.20 9.01
4.2

90.3 -41.8 -46.3 2.200 -1.66 9.29 '1.66 9.29
4.0

90.5 -49.1 -43.4 -2.400 1.92 9.47 1,92 9.47
4.2

96.8 -52.6 -53.1 -8.900 -0.17 10.36 -0.17 80.37
4.8

101.8 -56.3 -50.9 -5.400 1.72 10.76 1,72 10.77
1•02.5 -54.8 -51.1 -3.400 1.18 10.76 1.18 10.77

4.8
87.9 -39.3 -50.4 -1.800 -4.14 9.20 74.14 9.20

4.8
86.5 -37.1 -48.n 1.400 -4.18 8.94 -4.18 8.94

4.8
86.9 -42.9 -49.5 -5.500 -2.46 9.21 -2.46 9.21

4.8
97.9 -60.3 -37.5 0.100 7.66 10.25 7,66 10.25

4.6

96.8 -74.2 -24.3 -1.700 16.48 10.54 16,48 10.54
4.5
899. -60.0 -17.8 9.000 17.2 10.41 17687 .52

4.8

93.6 -83.2 -13.3 -2.900 23.11 10.68 23.11 10.68
4.0

90.0 -79.5 -14.5 -4.300 22.34 10.25 22.34 80.25
4.8-- • 78.9 ~-60.0 "17.8 1.0 174
9 1.10 8.52 17.24 8.52

i• 4.8
85.8 -54.1 -24.3 2.400 12.14 8.48 12,14 8,484.6
86.6 -53.0 -26.3 7.300 10.38 8.87 10.38 8.88S~3:9

AVERAGED DOA 7.15 9.67 7,15 9.67

AVGED PHASEýS AND AMPLITUdFc---AND THE DOA CALCULATED FROM THESL- -VGr-D PHASES

m 91.1 -56.0 -35.9 -r,.7rO 7.29 9.55 7,29 9.55
4.5
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COMPAt1S(lN OF 2 DnfA CA'.C TECHNIDUES LSING LIVE PHASE M:ASUREMtENT DATA

nA!E+PL.ACF OF D.DTA fOLI.E.TtON ----- APRIL 11, 1972 HRýS

REAR!NG AND LOC',TIOK OF SOURr•,r--L.. ODA, ILL (AZ APRX 21.5)

l/I= 1.542 GAVMA = 60 DEGREES

UNAIFIG(CUS cum (IF PEI.TA METHOD ANGLE AVhRA,1NG METHOD
T%'TFRF P•ASIq PHI SFS A7IMUTH INCIDENCE AZIMU(H INCIDENCE
-'/,V AMPI ITIIED

PHI 9 Pi-, II! PHI32

68.1 -35.? -32.9 0.000 1.12 7.05 1.12 7.05
-32.-4p].0

75.3 -39. -34.o 2.300 2.22 7.72 2.22 7.72
1.3

68." -2n.' -38.4 10.000 -8.96 6.87 -8.97 6.89
1.6

74.7 -49.4 -29.4 -4.100, 8.63 7.97 8.63 7.97

S51.5 -?9.5 -31 ., -9.600 -1.27 5.66 -1.27 5.68
2.8

53.9 -27.7 -32.? -6.000 -2.66 5.79 -2.66 5.79

3.1
57.9 -Jl.F -44.3 1.8nfl -18.1 6.24 -18.1 6.24

2.7
52.4 -10.1 -31.A 10.700 -14.2 5.21 -14.3 5.23

2.3
68.9 -22.6 -42.4 3.900 -9.60 7.10 -9.60 7.10

22.
52.7 -29.9 -39.5 -16.70 -5.43 6.05 -5.39 6.11

2.6
58.8 -43.P -22.4 -6.800 11.13 6.44 11.12 6.45
2.9

56.4 -52.8 -14.4 -10I.80 20.28 6.62 20.25 6.64
3.-1

75.7 -65.2 -3.2 7.3,00l 26.04 8.45 26.04 8.46
2.6

54.6 -59.1 -7.6 -12.10 26.89 6.80 26.85 6.83
?.7

55.4 -37.8 -4.3 13.300 20.78 5.64 20.86 5.67
2.2

48.0 -24. -13.4 10.600 7.84 4.64 7.87 4.67
1.7

67.9 -69.1 -26.4 -27.60 17.73 8.39 17.53 8.49
1 .5

71.8 -50.2 -35.3 -13.70 6.43 7.96 6.42 7.99
1.4

t.VtR4GF'r DOA 4.93 6.70 4.92 6.72

Vo,F9 PHASE'- AND AMPLITI:,Eq---AND TH4E P;OA CALCULATED FROM THESE AVGr.U PHASES
61.8 -37.6 -26.8 -2.639 5.66 6.52 5.66 6.52

2.3
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COMPARISON OF 2 DOA CALC TECHNIQUESLSING LIVE PHASE MEASUREMENT DATA
DATE+PLACE OF DATA COLLECTION ----- APRIL l1, 1972 MRi7S

BEARING AND LOCATION OF SOURCE ---- TJBORO, ILL iAZ APRX 21.5)

D/L 2 1.542 GAMMA = 60 DEGREES

UNAMBIGUCUS SUM OF DELTA METHOD ANGLE AVERAGING METHODINTERF PHASES PHASeS AZIMUTH INCIDENCE AZIMUTH INCIDENCE
AVG AMPLITUDE

PHIP1 PH113 PHI3?

40.1 -18.7 -24.1 -2.700 -4.35 4.25 -4.35 4.25
4.8

41.2 -19.6 -20.8 0.800 -0.97 4.23 m0.97 4.234.3
43.4 -24.4 -17.n 2.000 5.71 4.44 5.71 4.44

4.5
33.9 -9.1 -17.4 7.400 -8.67 3.28 -8.70 3.30

4.5
27.9 -9.3 -25.8 -7.200 -17.4 3.28 -17.3 3.30Se 4.8

34.0 -0.2 -27.5 6.300 -26.2 3.68 -26.3 3.694.8
39.4 -1.1 -34.8 3.500 -26.9 4.43 -26.9 4.444.4o

37.3 -6.0 -32.5 -1.200 -22.0 4.20 -22.0 4.20
4.7

32.6 -16.7 -18.j -2.200 -1.39 3.44 -1.39 3.45
4.8

25.0 -2.5 -12.6 9.900 -15.0 2.32 -15.4 2.374 .8'
23.4 -25.1 -9.1 -10.80 18.89 2.95 18.60 2,99

4.8
23.7 -16.3 -10.1 -2.700 8.28 2.57 8.28 2.57

4.8
16.2 -14.6 -14.n -10.40 0.92 2.24 0,88 2.294.6
34.9 -17.6 -11.3 6,000 6.31 3.42 6.32 3.43

4.1
34.5 -18.4 -19.6 -3.500 -1.11 3.69 -1.11 3.69

3.5
46.3 -20.1 -16.9 9.300 2.45 4.47 2.46 4.49

3.5
49.1 -30.4 -21.1 -2.400 6.14 5.19 6,14 5.19

3.1
52.7 -30.1 -22.2 0.400 4.96 5.46 4.96 5.464.2

AVERAGED OCA 356.0 3.75 356.0 3.77

AVGFD PHASES AND AMPLITUDES --- AND THE DOA CALCULATED FROM THESt AVGOD PHASES35.4 -15.6 -19.7 0.139 -3.87 3.66 -3.87 3.66
4.4

Il
S I ,•_ • ,, - z i• ,, , ', .. -. .. ,.. . . . .
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APPENDIX K

This appendix contains derivations of equations VIII-7 and VIII-8.

From elementary trigonometry, it may be inferred from equation VIII-6

that:

sin a 2 1 - 3 2 ' yl/r 1  cos a 2 1- 3 2 = xl/r1

sin a 2 1 - 1 3 " Y2/r 2  Cos a21-13 = x2 /r 2  (K-1)

sin a 3 2 - 1 3 ' Y3/r 3  Cos a 32 - 1 3 ' x3/r3*

where ri V i + yi2, 1 1, 2, 3.

Substituting equations K-I into equation VIII-2 yields:

--l Yl/rl + Y2 r 2 +
a =tan . (K-2)avg x 1/r1 + x2 /r 2 + x 3/r 3

Equation K-2 is identical to equation VIII-7.

Next, equations VIII-4 (expressions for the "delta method" - cor-

rected phases) are substituted into equations 1-4. (For simplicity of

notation, the symmetric array equations will be used.) Because the sum

of the "corrected" phases is zero, equations 1-4 will yield identical

results; hence only equation I-4(e) will be used. This results in:

t1 2(o32 - A/3) + (021 - A/3)at = tan- .... •ý1 A3 (K-3)

But, equation VIII-3 states that:

A 21 + *13 + 32" (K-4)

Substitution of K-4 into K-3 results in:

a= tan 1  - " 133 (K-5)
A 20 21 32 - 3
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It will now be shown that expression K-5 is equivalent to the expres-

sion:
si 4Mtan 

-1 Yl + Y2 + Y3
A 1X + x 2 +x 3  (K-6)

This is the expression we wish to verify (equation VIII-8). Perhaps

this equivalence can best be demonstrated by working backwards from

equation K-6.

From equations I-4(d), (e), and (f), x1 , x2 , x3 , yl, Y2 0 and Y3

may be computed, as in figure K-i. Substituting these values of xi and

Y(i = 1, 2, or 3) into equation K-5 yields:

-l - (24l3 + + a 2432 + €2l + 132 -13

a A-tan 7 3 (0 21 + ý 21 - ý32 - 013)

or, after simplification,

- t (- 13 + €32)
"(221 - ý32 - 13). (K-7)

But this expression is equivalent to expression K-6. Hence equations

K-5 and K-6 are indeed equivalent.

-l
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Eqn 1-4d: '" +

-2013-021
ton d21.. 13  'vt  2

a 21 -I 3

"Eqn 1-4e:

t-un. 21-32 203 + " +021 Y2r/ 3 21 U 21 3

Eqn I- 5f -

ton a 32-13 (032 +013 0 32 0t13  Y

30 32+0 ,,)'X 3

Figure K-1. Simple Trigonometric Relationships Used in the
Work of Appendix K.

Ii

4•°
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APPENDIX L

This appendix contains typical results of a comparison study of the

equivalence of the two methods of processing erroneous phase measurement

data. This study uses computer-generated erroneous phasas as contrasted

with the real phase data processed in Appendix J. Even for very large

values of A, it is obvious that the two methcds are essentially equiva-

lent.

A listing of the program follows. Any user-written subroutines

called may be found listed in Appendix M.

S:[:I

I



S INPUT SOURCF CARDS 188

S EXErUTE
S FORTRAN
H NAME COHPARI
H EOUIP:CARDRE,PRINTECARDPUi
H SINGLFALL;

C**..OTHrS PROGRAM COMPARES TWO COA CALCULATION SCHEMES USING ERRONEOUS
C**#*.PHASE DATA. ONE METHOD INVOLVES AZIMUTH ANGLE AVERAGING (ANGLE AVERAGING
C*..#*MFTH~rj, TpF OTHER INVOLVES SUBTRACTING 1/3 THE SUM OF THE INTEHFEROMETIER
C*****PHASES F~nmN EACH INDiIVIDUAL PHASE (DbLTA METHOD).
C****.RFr0UI9FD IkPUT DATA ARE THF ACTUAL AZIMUTH~ AND INCIDENCE (IN 171EGRI;ES).
C**.**ANn TI-F PASE-LINE/WAVEi.FNGTI- RATIO. (3F10.5 FORMAT)

PT =3.1i415926535
DpG:12,p./p
Do 3D i CNT=1#5
R~EAD 10,A. ATHET,DI.

10 FOPMATe3ý1n.5)

RTHETrTHTT/OPG
C.****ComPUTF NON-F-RRONFOUS INTERrEROMETER PHASFS FRUM SPECIFIED UDA ANID D/L

C*****VAi UES
CAIL PPTP-H'(NAZRTHFT,DL,PýI-11,PHI13.PH132)
PPH 121 =PHiI;I *fEG
VPH IJ1=PH TI 3DEG
OPH1I32:PH1I32*DEG
Do 30 JCDN7=I,3
DFI:-I .1
PRINT 20,A7,THET.DL

?n FnR9MATc1Hj. 71HCOMPARISON CF 2 DOA CALC9 TECHNIQUES USING ERRnNECU
SS PHASF mPASUREMENTS .//16H TRIOb AZIMUTH o F5.2,1OX#I7HTRUE IN
SCInENCF r*F5.2,10X,22HBASELINE/WAVELENGTI- t15:/
PR TNT 18,nPHIM 21,DLPHI113. DPH-132

is FOPMA7(14H TRUE PH121 z rF7.2,1ox,14H TRUE PH4113 x 7.2,10X#14H I

SPUF Pi-132: =F7.2,/)
Gn TO (21.-.2#23)#JCONT

21 P RIN T 27
27 FORMAT(///42H ERROR Slim CONCENTRATED IN Pi,-113 PHASE..,,///)

Go To P4
22 PRINT P8
28 FORMAT(///491- ERROR SUM DIVIDED EQUALL-Y AMONG PHI13# PH132 ..../)

Go TO P4
23 PRINT 29
29 FORMAT(///56H ERROR SUIM IZIVIDED EQUALLY AMONG PHI13, PH121* PHI132.

S. ../
24 CONT IN itF

PRINT 240
240 FORMAT(7414 (ALSO ASSUMING P14113, PH4132 HAVE CANCELLING ERRORS OF

S,-(SUP Oý PHASES))///)
IPRINT ';5

25 FORMATe11X.91HSUM OF PHASES AZIMUTH AZIMUTH
S INCIDFNCý INCIDENCE #/,13X#93P4ERROR SUM
$ DFlTA mrETHOD ANGLE AVGING mETH DELTA METHOD ANG

SE AVGING METH ./
Do 30 KICNT=1,21

C*0000INCREPPNI FRROR BY .1 RALIANS

c...***;N1TROlUCF- I-RRORS OF +,- EFt. IN P14113. PHI32# (HESPECTIVFLY)



FlijSPwI13*DEL 189
F I32uPia I32-DEL
F I2luPwMI22,
TDELzrFL/3.
Go To (31,32.33),JCONT

C.....PUT ERROR ALL INTO PHT113 PI-ASE
31 F113=F!13.flEL

Go To 34
Ce*..ODIvIDE ERROR AMONG PH113 AND PH4132
32 FT13=Fi3.flEL/2.

F132=F132+PEL/2.
GO TO 34

C..e..DIVIDE ERROR EQUALLY AMONG ALL THREE PHASE-S
33 F113=FT13*TDFL

F132xFI32+TDEL
F121=F21+:4TDEL

34 CONTIN~UE
C*.**.PERFORpi ANGLE AVERAGING METHOD DJOA CALCULATION

CALL AVDTR(FI21,FT13,F J32,CLDAVAZ.AVINC)
CI191FT21 -TOEL
CII 3cF I13-TOEL
C132mF132-Ti)EL

C.***.PERFOR~m JEI TA METHOD D)OA CALCULATION
C"AtL AvnIR(CI2i,Ci13.CI32,rLDELAZ,DELINC)
DG DEL =DE I. DEG

30 PRINT 40 ,DGDEýL,DELAZ. AVAZ~rELINC. AVINC
40 FORMAT5FýPn.2)

CAILL EXIT
FND

QL
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APPENDIX M

Herein are listed the various general purpose subroutines called

in many of the programs of previous appendices. Their functions are

explained within their listings.



s INPUT SOURCE CARDS20
S OUTP'UT SUBROUTINE TAPE
s SENSE SwITCHON,32
s FORTRAN

H NAME AVDIR;

H EGUIP=CARDRE.PRINTE,CARDPU;I

SURROLTINE AVDIR(PHI21,PI4I13,PH132,DLAZVINC)

C*e*.*TH!S SUBROtJTINE FINnS THE AVERAGED DOA FROM ALL THREE INTERFEROMETER
C*#*.*PH~ASES. IT USES THIF ANGLE AVE-RAGING FORMULA PRESENTED IN CHAPTER ViIl,
C*..*.PIH121, PHI13p PH132, ARE TI'E INPUT INTERFEROMETER PHASES (IN RADIANS),
CO*.**EIL IS THE- ARRAY BASELINE/WAVELENGTH. THE ARRAY ANGLE IS ASSUMED TO BE
C.....6n DEGEFAS. AND THE OUTP~;.-' DOA IS GIVEN BY AZ ANb VINC, IN DEGREES.

SORT3=1 .7320508076
IJeGN57.29577951
TPnLzDL*6.2~831853072

4zi 'l. 2?47448714
r***,*CAI.CULAT- :z VALUES Or olr H USING THE 3 0,E;RENT COMBINATIONS
G**4 -OP 2 ANThNNA PH-AS-c MEASUREPENTS, THEN AVERA.GINU THEM

2:32:AIAN-2(2.*PNI32.PH12I,SQRT3*PH121)
AL1321:ATAKI"(-2.*PHI13-PH121,SQRT3OPHI21)
AL1332=ATAý'2CPH13?-PHT13,.eSORT3O(PHI32*PHI13))
X:COS( AL?1Ij72),COS(AL1321),C0S(AL1332)
Y:SIN(AL?132)4SIN(AL1321)4SIN(AL1332)
A7=ATAN2(Y.X)*DEG
SOpTSl=SQRT(PH121*PHI21,PHI13*PH113*PHI32*PH132)
STHaSCRTSM/( TPDL.SORH)

C.*.**CHFCK TO ENSURE STH LFSS TI-AN 1, IF SLIGHTLY GREATER SET 1,0

1 (STis.

2 CONTINuE
V!NC=ASIN(STý,)*DEG
RETURN
ENn



s INPUT SOURCF CARDS20
s OUTPUT SUBROUTINE TAPEs SENSE SWITCHON,32
$ FORTRAN
H NAME CIR
H EOIJIPzCAR0REPRINTECARDPU

C**:*SURROUTINE DIR(PHI21,PH132,rJL,GAMMAAZ 
VINC) HSSC.4...Ti~j 1 IfZ A DIRECTION FINDING SUBROUTINE FOR GENERAL INTERFEROMETERC*****ARPAYS. IT FINDS THE AZIMITH AND INCIDENCE ANGLE F~om 2 INTERFPASSC****P121AND PH1132 ARE THE INTERFERGMETER PHASES, DL IS THE BASELIVE-TQ..

C**4***WAVELEhiGTH RATIO, GAMMA IS THE SPECIFIED ARRAY ANGLE, AZ IS THE
C*~*I*ComPUTPD A71MUTH AND VINC IS THE COMPUTED NIEt AG.
C.**1.ALL IKPUT PHASE DATA ARE IN RADIANS, THE OUTPUT PHASE DATA (AZ AND) VINC)
C'****ARF IK DFGREES.

DEfns57.295779
5 1TPl)L=rCl 6.;183i853072

A~nlPH13+PH21-P121COS(GMA
ARn2zPHPJj *S!N(GAMMA)
A7=ATAjh2( ARGl,ARG2)

S/TkXCTDLa(OSA 
02CSAZ MA)*e2-COSCAZ)*COS(AZ-GAMMA)))

C*#**..CNCK TO FK-SLRE STH LFSS TiAN 111F GREATER SET 1.
1 STWZ1.0
2 CONTIN(IE

AZ=AZ.nFG
RETURN
END
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s INPUT SOURCE CARDS
S OUTPUT SUBROUTI.ýE TAPE
S SENSE SWITCHO4N,32
S FORTRAN
H NAME CHOS;
H EoUlPzCARDPE,PRINTECARDPU;

-- SU8ROLTINF CHOS (XAVBTJ*PHIIJTAVBIJ)

C**#*.THIS SUBROUTINE CHOSES AVBIJ + OR -N*2*PI THAT COMES CLOSEST TO PHIIJ
- C*#*..THE CI-OSPN VALUE IS TAVBIJ. THIS SUBROUTINE ESSENTIALLY PERFORP~S

C*****A PMASF AMPIGUITY RESOLUTICN.
- C***..ALL PPASt-S ARE GIVFN TN RArIANS

AVBIJ=XAVRTJ

PI=3.141592'6535898

XPIuPI
IF(ABSFCPHTIJ-AVBIJ).PI)10,10*9

-9 IF(PHITJ*AVBIJ)1,1,2
I IF(PHIIJ)3.3,4

-3 AVBIJ=AVRL.,-TUPJ
Go TO 2

-4 AVBIJzAVRIJ+TUPI
- 2 IFCABSF' PHI IJ)-ABSF(AVBIL)-XPI )5D5,6
- 8 )(PlaXPI+TUPI

Go TO p
5 TAVBI~cABSFUAVBIJ)+XPI-PI

IF(PHI IJ)6,6.7
6 TAV81LZC-TAVRTJ)

GO TO?7
10 IAVBIL:AVRIJ
7 RETURN

ENfl
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S EXECUTE

S INPUT SOURCE CARDS
s OUTPUT SUBROUTINE TAPEI

S SENSE SWITCHON,32
S FORTRAN
H NAME PRTPH1'z
H EOUIP:(.ARDR6,PRINTECARDPUj

SUPROUTINF PRTPHI(ALPHA.THETADDLPHAS21DPHAS13,Pi.4AS32sGAMMA)

C*****THIS SUBROUTINE FINDS THE PHASE DIFFERENCES INDUCED IN THE INTERFtROMETER
C*e.**ARRAY FOR A GIVEN D/L AND CIR OF ARRIVAL. THE INPUT ARE ALPHA AND THETA,
C***.*IN RACIANS--THE SPECIFIED rOA, DL, THE ARRAY OA SELINE/WAVELENGTH, ANO
C*O.**GAMMA, THF ARRAY ANGLE IN RADIANS. THE OUTPUT PHASES ARE L'HAS21,
C'****PHAS13. ANfl PHAS3?.

7UPI=6.2831853072
Tl STý-vTIJPi*PL.SIN(THFTA)
PHAS2I :T[)[. ZTH*COS( ALPHA)
PHAS13=-791tSTH*COS(ALPHA-GAMMA)
PHAS3P2:TliTH 'T4(COS(ALPHA-GAMMA)-COS(ALPHA))
RFTURK
END
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S INPUT SOURCE CARDS
S OUTPUT SURROUTINE TAPE
s SENSE SkiITCHON,32
s FORTRAN
H NAME RANGE;
H EQUIP:CARDPE,PRINTIECARDPU;
H S11NGLEAL L

SURROLTINE RANGE(AZ,ANGPHIMXPPHIMN)
C*****
C.****THiS SUBROUTINE FINDS MIN AND MAX VALUES OlF FXzCOS((AZ9ANG),ERR) 10R ERR;
C.*****BETWEFN + OR - ID DEGREES. IT IS USED IN CONJUNCTION WITH THE MOV-1FI':D
C*00.*VEPSICN OjF TH4E PROGRAM AMRPLT, AS A MEANS OF OBTAINING A MORE STRINGFNT
C**..*AMAIGLYTY REJECTION CRITERION ON THE BASIS OF APPROX AZIMUTH INFORMATIONJ.

* ~C.***.PH.IMX AND) PHIMN DENOTE THE DESIRED MAX AND MIN Pt-ASE VALUES RESPCTIVELY
* C.....

DEGsieo ./3.1415926535
DIFmAZ-ANG
TPDL=I.

C*****KEEP AZ-ANn IN RANGE OF 0-TUPI BY ADDING TUPI IF NOT ALREADY IN RANGh
IFCD IF )1,2.2

1 DIFtDIF.+i60.
2 CONTINUE

IFcDIF.l..i.)1f,10,20
10 PHtMX=TPd)L

PHIMN~n.
Go TO 170

20 IFCDIF-8O,)30,7%Al,,40
30 PHIMX=TP-JL*COS((DIF-10O),DFG,

PHiM4N~n.
Go To 170

40 IF(DIF-100.)50,50o63
50 PHIMX~lPiA .COS( (DI,-j0. )/0EG)

Go TO 1711
60 IF(DIF-17n.)70,70,80
70 PHIMX:(1.

PHYMN=TPl.'1C(OS( (DIF +10. )/DEG)
GO TO 170

80 IF(DIF-190.)9o,90,1oo
90 PHIMX=M.

PH IMN:-TPDI
GO TO 170

100 IF(DIF-260.)110.110#120
110 PHIMX~n.

PHIMN=TPI)I*CrS((DIF-10.),DEG)
GO TO 170

120 IFCDIF-280.)130*130,140
130 PHIMX=TPtLL CCS( DIF,2ln.)/DEG)

PH IMN=TP li[ COS(CD IF -10. )/OEG)
Go TO 170

140 IF(DIF-35o. )150*150.160
150 PHIMX=TPIIL*COS(CDH..10.),DFG)

- ~Pw.IMN=ri.
Go TO 170

160 PHIMX=TP1)L
PH.IMN=0.

C*****ALLOW SLIGPT MARGIN IN PlHIX AND PHIMN (.1 DEGREE) TO ACCOUNT FOR ROUNDOFF
170 PHTMXzPHIMY#..

PHIMN=PHIM'N-.1

RETURN
fND

z
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s INPUT SOURCF CARDS
S OUTPUT SURROUTINE TAPE
s SENSE SWITC14ON,32
$ FORTRAK
H NAME REDUCE;
H EOUIP=CARDRE,PRINTE#CARDPU;

SURROLTINF REDUCE(AV1iJ)

C.**..THTS SU)BROIUTINE REDUCES AVBIJ S BY MULTIPLES OF 2 PI UNTIL BETWEEN PI
C**.*.ANfl + PI. THE VALUE OF AV8IJ IS PUT WITHIN A BRANCH CUT OF -P1 T0O P1
C*****AFTER THIS SUBROUTINE IS CALLED
C*::::ALI PI'ASFS MUST BE IN RADIANS.

PT=3.14159P'6535898
TUPI=2.*PI
NzAVBIJ/TUP I
AVBII:AVBIJ-N*TUPI
IF(AVP!J-PT )2,2D5.

I AVBIJZAVHT.i-TUPI
Go TO 6

2 IF(AVETJ)4.,4-3
3 GO TO 6
4 IF(PI*AVHI j)5#SP6
5 AVBIJ=AVH! i*TUPI
6 RETURK

END
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FOOTNOTES

1. W. Little, "Polar Plot Routines for a CALCOMP Plotter,"
Unpublished Memorandum, Radiolocation Research Laboratory,
University of Illinois, 1972.

2. E. K. Walton, from a private communication at this laboratory.

3. These data were recorded on this laboratory's paper tape number
151.

4. J. Driscoll, from a private communication at this laboratory.

r
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